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Elemental cycling is fundamental to life and can be an indicator of ecosystem 

condition and function. We have long known that the cycles of elements, both 

nutrients and toxins, are intimately linked, but there are still many aspects of linked 

elemental cycles we do not understand and new links we have not explored. For 

example, classic stoichiometry studies typically focus on carbon (C), nitrogen (N), and 

phosphorus (P) while much less literature is devoted to other elements. Expanding the 

framework to incorporate new interactions and new elements is an important next step 

for ecological stoichiometry given that ~25+ elements are required to build organisms 

and given the potential for toxic elements to interact with essential elements.  

Throughout my PhD, I have used ecological stoichiometry as a unifying theme. 

Ecological stoichiometry describes how the balance of energy and elements affects 

and is affected by organisms and their interactions in ecosystems. My thesis research 

examines drivers of nutrient and toxic element cycles in tropical and temperate 

streams. 
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First, I compare three common methods for estimating nutrient uptake in 

streams. I found that while the relative ranking was preserved across uptake methods, 

the absolute values varied. Also, in streams with high nutrient uptake, longer residence 

times underestimate uptake. Next, I tested the importance of climate regime and a 

suite of other biogeographical factors in driving nutrient uptake in streams along a 

temperature gradient. I compared streams in the tropical, Ecuadorian Andes with 

streams in the temperate, Colorado Rockies. I found that temperature has a larger 

influence on nutrient uptake in tropical streams. I then explore if the stoichiometric 

linkages between N and P extend to As. Through a series of field and lab experiments, 

I found that microbial As uptake is driven by relative N:P, not absolute P 

concentration alone. Finally, I expanded the finding that N:P drives microbial As 

cycling to whole-stream As retention by food webs. I quantified As, N, and P in basal 

resources, in higher trophic levels (invertebrates) and in invertebrate excretion. I found 

that some food web pathways retain more As as a result of N:P.   

I conclude that the utility of ecological stoichiometry is multi-faceted and in its 

infancy in terms of application to broader scales and systems. Understanding of 

biogeochemical processes will be strengthened by incorporating additional elements 

and considering stoichiometric interactions.  
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PREFACE 
 

The study of ecosystem ecology benefits from a rich literature on elements 

cycling through the biosphere and interacting with both biotic and abiotic factors. 

Examining the cycling of single elements in isolation is problematic because of the 

strong coupling of biogeochemical cycles (Ryther & Dunstan 1971, Schindler 1971). 

Multiple frameworks, from metabolic theory of ecology to coupled biogeochemical 

cycling to ecological stoichiometry all recognize the importance of considering 

multiple elements in nutrient cycling and ecosystem studies (Brown et al 2004, Schade 

et al 2011, Cross et al 2005, Schlesinger et al 2011, Howarth et al 2011). Ecological 

stoichiometry, or how the balance of energy and elements affects and is affected by 

organisms and their interactions in ecosystems, is an important framework for 

examining paired biogeochemical processes.  However, ecological stoichiometry 

studies in both terrestrial and aquatic systems are biased toward carbon (C), nitrogen 

(N) and phosphorus (P) while trace elements are often neglected (Sterner & Elser 

2002). 

Ecological stoichiometry provides a solid framework for understanding 

relationships among and across trophic levels, including biogeochemical interactions 

and direct and indirect effects. This framework was born from Liebig’s Law of the 

Minimum, which states that an organism’s metabolic processes can be limited by the 

element in shortest supply relative to other necessary elements. Its utility has proven 

varied and the basic principles have been used to establish a foundational 

understanding of the relative concentration of elements comprising phytoplankton 

(editorial Eighty years of Redfield, 2014), are connected to caste in ant social 
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networks (Smith and Suarez, 2010), and are an important factor controlling tumor 

growth in cancer (Elser and Kuang, 2002).  

Freshwater systems are an ideal system to study ecological stoichiometry 

because methods of measuring nutrient concentration and relevant processes are well-

established and feasible, the food webs are often well-characterized, and there is a 

breadth of literature in which we can ground new questions. My thesis explores 

linkages between common nutrients (nitrogen and phosphorus) and arsenic using 

ecological stoichiometry as a framework to evaluate the implications of these 

elemental linkages to ecosystem function and elemental retention and transport. While 

the linkages between these particular elements are strong, previous research has not 

fully resolved the many aspects of their biogeochemical interactions. I used a 

combination of lab and field experimental and observational techniques to answer 

these questions.  

My four thesis chapters include:   

1) Plateau and Pulse Release Methods for Measuring Nutrient Uptake in 

Streams Provide Comparable Results. Researchers have accepted multiple methods 

for assessing nutrient uptake without in-depth verification of advantages, constraints, 

and comparability of each technique. I compared three methods for measuring whole-

stream nutrient uptake and also tested the importance of the experimental reach length 

used. I estimated nitrogen and phosphorus uptake in a series of high mountain streams 

in the Colorado Rockies and the Ecuadorian Andes. I found that, while relative 

ranking was generally preserved across methods, absolute values varied. Also, in 

streams with high nutrient uptake, longer reach lengths can underestimate uptake. 
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Lastly, I found that the stoichiometry of dissolved nutrient in a stream can interact 

with the uptake length to affect uptake estimates.  

2) Drivers of nutrient uptake in tropical and temperate streams. I assessed a 

suite of abiotic and biotic factors that are mechanistically related to nutrient uptake, a 

major ecosystem function, in streams. I tested the importance of climate regime in 

nutrient uptake in streams by characterizing biotic and abiotic stream variables and 

measuring nutrient uptake along a temperature gradient. I compared these factors in 

streams from the Colorado Rockies and the Ecuadorian Andes with the primary goal 

of evaluating if temperature is a more important driver of nutrient uptake in the tropics 

than in temperate streams.  

I hypothesized that because of metabolic compensation born from temperate 

biofilms experiencing greater seasonal and diel temperature variation than tropical 

biofilms, temperature will better predict nutrient uptake in tropical. In other words, 

because organisms in the tropics experience much less annual temperature variation, 

their function is more susceptible to changes in temperature. Secondarily, I assessed 

drivers other than temperature, tested for average differences between tropical and 

temperate streams, and modeled their relative importance in nitrogen and phosphorus 

uptake. I found that temperature has a larger influence on nutrient uptake in tropical 

systems than in temperate systems.  

3) P, N, and As:  Relative concentrations of phosphorus and nitrogen drive 

arsenic uptake. The arsenic cycle is complicated and has been studied in a variety of 

contexts, from natural settings in the field to highly controlled lab settings (Bowell et 

al., 2014; Eisler, 1994; Oremland and Stolz, 2003). Scientists have long known that 
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the arsenic cycle is directly linked to the relative availability of phosphorus because 

they can share the same shape, and arsenic toxicity is greater in phosphorus limited 

systems (Hurd-Karrer, 1939; Rodriguez Castro et al., 2015). Similarly, it has long 

been known that the cycles of nitrogen and phosphorus are intimately linked, with the 

use of one nutrient depending on the relative availability of the other (Sterner and 

Elser, 2002; Schade et al., 2011).  

Previous studies have not satisfactorily resolved how arsenic cycles through 

ecosystems, and in particular, how it interacts with nitrogen and phosphorus. Most of 

what we know comes from lab studies, and no studies have examined the role of 

nitrogen in arsenic cycling in spite of tight linkages between the nitrogen and 

phosphorus cycles. It follows that anything driving the uptake and cycling of 

phosphorus then may also affect the cycling of arsenic, but this has not been 

previously tested.  

Here I conducted a series of field and lab experiment to test of 

nitrogen:phosphorus, an important driver of phosphorus cycling, also drives arsenic 

cycling. We predicted that because AsO43- and PO43- share the same stereochemistry, 

high N availability relative to P would not only lead to high P demand but also higher 

As uptake. My results indicate that microbial arsenic uptake is driven by relative 

nitrogen:phosphorus, not absolute phosphorus concentration alone. This is an 

important finding because of the ubiquity of arsenic and the potential to better mitigate 

human and food web arsenic exposure.  

4) N:P drives retention of arsenic in base of food web and some higher trophic 

levels. My final, DDIG-funded chapter expands findings from my third chapter to test 
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if whole-stream arsenic retention is controlled by resource nitrogen:phosphorus. I 

compared the arsenic, nitrogen and phosphorus content of food webs in three streams 

contaminated with arsenic paired with three uncontaminated streams. These streams 

had natural variation in nitrogen:phosphorus, which facilitated my exploration of how 

nitrogen: phosphorus drives arsenic retention. I hypothesized that food web pathways 

relying on microbial uptake at the basal resource level would retain more arsenic when 

nitrogen:phosphorus was high because increased demand for phosphorus would lead 

to increased retention of arsenic. I found some evidence that trophic pathways relying 

on microbial uptake as a basal resource retain more arsenic when ambient 

nitrogen:phosphorus is higher. This finding not only has important implications for 

stream ecosystems, but also for the contamination of downstream systems.  

My dissertation explores unique linkages between ecological stoichiometry and 

ecosystem function and the latter half has major implications for the nutrient 

controlled cycling of arsenic. Arsenic contamination is the second leading cause of 

lung cancer, a major cause of heart attacks, and negatively affects the neurological 

development of millions of people worldwide. This body of work demonstrates the 

broad importance of linkages between elemental cycles, from understanding the most 

basic research questions about the movement of nutrients through water and food 

webs to application of findings to mitigate eutrophication and human exposure to toxic 

elements.  
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1.1 Abstract 
Nutrient uptake is a stream characteristic that provides insight into ecosystem 

function. Multiple methods exist for quantifying whole-stream nutrient uptake and 

formal assessments of advantages, constraints, and comparability among techniques 

are required to evaluate their relative performance and can provide insight not possible 

with a single method. To compare two common field nutrient uptake methods, we 

conducted pulse and plateau nutrient additions in 10 montane streams. For pulse 

releases, we compared mass balance and TASCC (Tracer Additions for Spiraling 

Curve Characterization) approaches. We estimated nutrient uptake across varying 

reach lengths using the pulse method to examine how residence time and reach length 

impact uptake estimates.  

We found that depletion of a limiting nutrient within an uptake reach can affect 

uptake metrics of both the limiting and non-limiting nutrient. We also found that long 

reach lengths can underestimate nutrient uptake. Mass balance nutrient uptake 

estimates were lower than plateau uptake estimates, and TASCC estimates were 

intermediate (areal uptake rate, U) or the same as plateau (uptake velocity, vf), and 

this pattern was generally consistent among streams. Therefore, while we do not 

recommend one particular method, we recommend using the same method within a 

study. When comparing uptake estimates across methods or across previously 

published studies, consider the method used and its tendency to give a relatively 

higher or lower estimate, and when possible use vf as a metric because of less variation 

among methods for vf. Shorter reach lengths or multiple sampling points help avoid 

information loss in streams with high uptake where the majority of a nutrient is taken 

up prior to a downstream sampling point.  
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1.2 Plain Language Summary 

Streams connect distant landscapes and can transport nutrients like nitrogen and 

phosphorus long distances. Stream ecologists are interested in measuring how 

nutrients move through streams because it gives us an idea of how active microbes are 

and how much of the nutrients are being stored in the food web versus transported 

further downstream. We compared three common methods of measuring nutrient 

uptake in 10 different streams and found that the relationship among the methods was 

consistent. In other words, if one method was higher relative to the other methods in 

one stream, it tended to be higher in the other streams. Comparing three methods gave 

us additional insight into stream dynamics that would not have been possible with 

single method experiments. For example, we found that the length of stream chosen 

for the experiment is important, and a reach length that is too long can lead to an 

underestimation of nutrient uptake. Lastly, we found that because uptake of nitrogen 

and phosphorus are linked, the depletion of one nutrient in an experimental reach can 

affect the uptake rate of the other. 

 

1.3 Introduction 

 Stream nutrient cycling metrics measure nutrient movement in both biotic and 

abiotic chemical forms and are useful for comparing nutrient demand and processing 

across different stream ecosystems (Payn et al., 2005). Stream nutrient spiraling theory 

merges nutrient cycles and unidirectional water flow occurring in lotic systems to 

envision a spiral of nutrient cycles (Newbold et al., 1981; Webster et al., 1979). The 
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theoretical concept of nutrient spiraling in streams is implemented using empirical 

approaches to estimate spiraling metrics.  

The three common nutrient removal metrics used are uptake length (Sw; m), 

aerial uptake rate (U; µg m-2 s-1), and uptake velocity (vf; cm s-1 or U N-1; Table 1.1) 

(Stream et al., 1990). Sw is the distance a given solute travels, on average, downstream 

before being removed from the water column. U is the area-specific rate at which a 

solute is removed from the water column and, unlike Sw, is independent of discharge. 

U is similar to terrestrial metrics of nutrient removal and is more representative of 

biological rates but is auto-correlated with background nutrient concentration (Day 

and Hall, 2017; Dodds et al., 2002). vf is a mass transfer coefficient, or the speed a 

solute moves toward the streambed, and is also independent of discharge. vf gives the 

uptake rate for the given concentration, or how much of a solute stream organisms can 

remove from the water column relative to how much is available.  

 

Table 1.1   
Common Uptake Metric Terms  
 

Abbrev Metric Unit Example 
ℓ 
T 
Q 

Reach Length 
Time 
Discharge 

meters (m) 
seconds (s) 
m3 s-1 

w 
z 

Width 
Depth 

m 
m 

SpC 
m 

Specific Conductance 
Slope of ∆[nutrient]:tracer over time or space 

µSiemens cm-1 (µS cm-1) 
unitless 

Sw 
M 
V 
N 

Uptake length 
Mass 
Volume 
Concentration 

m 
micrograms (µg) 
liters (L) 
µg L-1 

U Uptake rate µg m-2 s-1 
vf Uptake velocity cm s-1 

Note. Based on Stream Solute Workshop 1990 
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Over time, a variety of methods have been developed to estimate these metrics. 

Here, we present a 10-stream study comparing the estimates given by the plateau 

method (Newbold et al., 1981, 1982), two variations of the pulse method (Covino et 

al., 2010; Tank et al., 2008), and short and long reach lengths for each of the pulse 

methods. 

In the plateau approach, reactive and conservative tracers are added in unison 

at a constant rate during short-term enrichment experiments until a steady state or 

‘plateau’ concentration of tracer is established at the downstream end of the study 

reach. Once the plateau condition is established, water samples are collected along the 

reach and nutrient uptake lengths are estimated by calculating the loss of the nutrient 

from the water column relative to a conservative tracer using a negative exponential 

model (hereafter, "plateau method"; Newbold et al. 1981, 1982, Mulholland et al. 

2002, Payn et al. 2005, Webster and Eherman 2007).  

An alternative to the plateau approach is to add a single pulse (also referred to 

as ‘slug’ or ‘slurry’) of reactive and conservative tracers simultaneously (hereafter 

referred to as a “pulse”) rather than pumping them in at a constant rate as in the 

plateau method described above (Chapra, 2003; Tank et al., 2008). After adding the 

nutrient and conservative tracer pulse upstream, water samples are collected far 

enough downstream to ensure complete mixing and sufficient time for uptake to occur. 

Samples collected at the downstream location increase in concentration as the tracer 

pulse passes (referred to as the ascending limb of the breakthrough curve, or BTC) and 

decrease after the pulse reaches a peak (referred to as the descending limb). Much like 

the plateau method, we can estimate the nutrient loss by calculating the difference in 
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the measured nutrient relative to its predicted conservative transport. In this "mass 

balance" approach, we integrate the area under the BTC to calculate the difference in 

nutrients and conservative tracer added and recovered. 

An additional way of analyzing data from pulse releases allows one to extract 

uptake kinetic information as well as whole-stream uptake estimates from a single 

experiment (Tracer Additions for Spiraling Curve Characterization, hereafter 

“TASCC”; Covino et al., 2010). In the TASCC approach, uptake metrics are 

calculated for each sample collected across the BTC, thus estimating uptake metrics 

across a range of concentrations within a single experiment. In contrast, both plateau 

and mass balance approaches collate all of the data from an injection to estimate a 

single, averaged whole-stream uptake rate. From here on, we will refer to the field 

technique used by Tank et al (2008) and Covino et al (2010) as “pulse” methods and 

distinguish the two approaches for calculating uptake as “mass balance” and 

“TASCC”, respectively.  

 To date, there are widely acknowledged differences in the relative merits of 

using plateau methods versus pulse approaches. Plateau releases can only be used in 

smaller streams because of the difficulty of increasing the concentration enough in 

larger streams to measure uptake. The pulse approach enables measurement of nutrient 

uptake in larger rivers by using a single pulse of nutrients, keeping the enrichment to a 

minimum for a short period of time (Tank et al., 2008; Trentman et al., 2015). The 

TASCC modification to the pulse method enables a finer scale analysis of individual 

points and exploration of patterns exhibited by the BTC as a whole. Separating 

ascending and descending limbs of the breakthrough curve enables exploration of how 
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uptake varies across different hydrological flow-paths represented in the breakthrough 

curve. However, differential activity on the rising and falling limb of the BTC often 

results in a hysteretic relationship between uptake rates and concentration, which can 

complicate estimates of ambient activity (Tromboni et al., 2018). Although relative 

ease of pulse injections and the modified analytical approach have led to the 

widespread use of the TASCC method, there are few examples of direct comparisons 

of the approaches available (Covino et al., 2010; Trentman et al., 2015).  

 In one study that compares these methods, researchers conducted enrichment 

experiments in two small streams with short reach lengths in Kansas, USA (Trentman 

et al., 2015). They found that uptake rates varied among field and data analysis 

methods, and recommended using multiple methods at a given site. Our research 

expands on this work by comparing all three uptake metrics (Sw, U, and vf) of the 

TASCC, mass balance, and plateau methods across a broader range of stream 

ecosystems and testing the sensitivity of uptake estimates to reach length and 

residence time. We also examine how changes in within-reach stoichiometry due to 

uptake affect nutrient uptake estimates, which is potentially an important artifact 

influencing uptake estimates. 

We conducted plateau and pulse nutrient additions in ten streams across a 

range of conditions (e.g., discharge, velocity, temperature, substrate type, and 

background nutrient concentrations). We also used both mass balance and TASCC 

methods of analyzing pulse experiments, using both “long” and “short” study reaches 

(2 downstream sampling locations for a single experiment) in each stream (with a few 

notable exceptions, Table 1.2). We compared the uptake estimates for the plateau 
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method with each reach length for TASCC and mass balance methods in all streams. 

Using these data, we explore the advantages and limitations of these commonly used 

methods for estimating whole-stream nutrient uptake in streams.  Comparing multiple 

methods provided new insights into stream nutrient uptake dynamics that would have 

been impossible using a single method approach.  

 

 

 

1.4  Methods 

1.4.1 Study Systems & Stream Characteristics 

Table 1.2   
Background Information on Study Streams   

    Discharge (L s-1) 
Background SRP 

(µg L-1) 
Background 
NO3

- (µg L-1) 
Background NH4

+ 
(µg L-1) Reach Length (m) Width (m) % 

Canopy 
Cover 

Temp     
(˚C ) Stream Site Pulse Plateau Pulse Plateau Pulse Pulse Plateau Short Long Plateau Pulse 

Platea
u 

OF6 Ec 45 32 5.8 5.8 164.9 2.1 2.1 133 213 133 1.8 1.8 0.0 10.5 

OF1 Ec 18 13 6.8 6.8 150.0 11.8 11.8 70 118 118 0.5 0.5 0 7.3 

Last Day Ec 30 18 12.8 16.8 118.7 8.0 15.7 131 270 140 2.2 2.2 84.8 18.7 

Edwin Ec 117 150 10.1 14.3 114.8 2.9 3.5 NA 260 260 2.6 2.6 15.1 14.0 

El Tambo Ec 127 94 8.2 11.8 NA 2.9 2.0 133 198 198 2.8 2.2 76.6 11.4 

Wigwam US 51 51 4.5 4.5 209.3 1.4 1.4 207 288 188 1.9 1.9 52.2 6.8 

Coal US 49 9 5.0 7.5 89.9 6.3 11.5 48 344 120 3.2 2.5 16.0 21.1 

4Mile US 139 49 2.7 8.0 91.4 1.8 2.6 328 468 328 3.8 3.1 21.9 15.2 

Horse US 138 51 3.3 7.5 86.7 0.7 0.8 341 675 130 1.4 1.4 71.8 6.5 

Cave US 42, 38* 34 4.0, 3.0* 5.3 31.0 1.3, 1.8* 1.9 134 248 134 3.0 2.7 56.7 11.6 
 

Note. Grey boxes correspond with the pulse method.  * indicates short and long reaches, respectively. NA indicates  

either problem with analysis or not sampled. Plateau NO3
- not measured.  
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 We conducted nutrient uptake experiments in five low order streams in four 

drainages (Papallacta, Oyacachi, Jondachi and Antisana) in the Ecuadorian Andes in 

January-February 2014, and in five low order streams in the St. Vrain drainage of the 

Colorado Rocky Mountains, USA in June-July 2014. Substrates ranged from fine sand 

to course cobble. Canopy cover, measured with a densiometer, ranged from 0 to 

100%. Stream temperatures on the day of the nutrient experiments ranged from 6.5 to 

21.1˚C. Stream temperature represents the average temperature measured hourly while 

conducting nutrient releases.  

 We measured stream discharge (Q, in L3 T-1) in each stream by salt dilution 

(Barbagelata, 1928) using a multi-parameter water quality sonde (YSI 600 OMS) to 

measure specific conductance (SpC) and a standard curve relating SpC to chloride (Cl) 

concentration. When conducting plateau additions, we estimated discharge during the 

release using solution concentration, the pump rate, and the established plateau 

concentrations:  

𝑄 = #$%#	'()*	+,-.	×0(123456
[0(892:;2<]>[0(4?@A]

                          (1) 

Comparing pulse estimates of Q and plateau calculations often indicated that Q 

fluctuated throughout the day. In these cases, we calculated the average of the 

different Q estimates to account for the changes. Stream discharges ranged from 9 to 

168 L s-1 (Table 1.2).   

We calculated mean stream velocity by dividing the reach length by the time  

the BTC achieved maximum SpC in the pulse injections (Mulholland et al., 2006; 

Runkel, 2002). We also collected water samples to quantify ambient NH4+, NO3-, and 

soluble reactive phosphorus (SRP) concentrations. We measured stream width with 
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~50 wetted width measurements from each reach. In the case of braided channels, we 

calculated stream width from discharge, velocity and the average of approximately 

100 stream depths.  

1.4.2 Release methods:  Plateau 

 To conduct plateau additions, we dissolved conservative tracer Cl- and reactive 

tracers nitrogen (NH4+ and NO3-) and phosphorus (PO43-), in a carboy with a known 

amount of stream water in amounts sufficient to detect their enrichment in the stream 

while staying well below the saturation concentration for each solute (target 

concentrations:  40 µg P L-1, 60 µg NO3- -N L-1, and 40 µg NH4+-N L-1 above 

background). We pumped the tracer solution in at a steady rate until plateau 

concentrations were achieved throughout the reach, as indicated by a stable SpC. Once 

plateau was reached, we collected triplicate NH4+ and SRP samples at five points, 

working from the most downstream to the most upstream site.  

1.4.3 Release methods:  Pulse 

 We used pulse nutrient additions for both the mass balance and TASCC 

methods as described by Covino et al. (2010). After calculating Q, we estimated 

nutrient addition amounts as follows: 100 mg P per L s-1 (using both KH2PO4 and 

K2HPO4, to maintain a neutral pH), 200 mg NO3- -N per L s-1 (as NaNO3) and 100 mg 

NH4+-N per L s-1 (as NH4Cl). We added the pulse to a turbulent section of the thalweg 

(the area of the stream with the greatest flow) to facilitate vertical and lateral mixing. 

We added all nutrients and our conservative tracer (NaCl) as a single pulse in order to 

assess nutrient uptake under non-limiting conditions for both N and P. 
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We conducted all pulse additions between 10:00 and 14:00 to account for 

variation in diel light availability and biological activity (Mulholland et al., 2006). We 

also assessed nutrient uptake based on samples collected at two different reach lengths 

at two different residence times (resulting from different reach lengths), although our 

reaches were constrained, particularly in Ecuador, by physical barriers, such as 

waterfalls. After adding the solute pulse upstream, we collected grab samples at two 

points downstream using 60 ml syringes and logged SpC and temperature on the 

sonde. We gauged our sampling frequency based on change in SpC to maximize BTC 

characterization while avoiding redundant samples (Covino et al. 2010), generally at 

about 30s intervals with longer intervals towards the end of the BTC as SpC changed 

more slowly. All dual-length pulse injections were conducted on the same day using 

the same pulse, except in the case of Cave Creek (stream 10), which was offset by 3 

days, and Edwin’s Creek (stream 5), where we only conducted a pulse injection for 

one reach length. Long and short reach lengths were differing lengths across sites 

because of physical barriers and variation in travel times (see discussion). 

1.4.4 Nutrient analysis (SRP, NH4+, NO3-)  

 We filtered all samples with 25 mm Whatman™ GF Filters (0.7 µm pore size) 

and stored them in a dark cooler on ice for analysis in the laboratory. We filtered NH4+ 

samples into 30 mL brown bottles and analyzed immediately using the fluorometric 

method of Holmes et al. (1999, as modified by Taylor et al. 2007) using a portable 

fluorometer (Aquafluor, Turner Designs, Inc, Sunnyvale, CA, U.S.A.). We analyzed 

SRP samples on the same day they were collected, when possible, and froze them for 

later analysis when same-day analysis was not possible. We analyzed SRP samples 
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using the molybdate-blue colorimetric analysis (Murphy and Riley, 1962; Stainton, 

1980). We analyzed SRP samples from Ecuador on a spectrophotometer, and SRP 

samples from Colorado and NO3- samples on a Lachat QuickChem auto-analyzer.  

 

1.4.5 Calculating spiraling metrics  

 The general approach for calculating uptake metrics are similar for all methods 

and use the parameters listed in Table 1.1. Uptake length, Sw, (L) is the average 

distance a given nutrient travels downstream before being removed from the water 

column. We calculate Sw using the following equation: 

𝑆* = CD ℓ
FG	(I:0K;2L>I:0MNO

PC                         (2) 

where ℓ is the reach length, 𝑁: 𝐶%.,S is the measured ratio of the nutrient of interest 

(N) to the conservative tracer (C) in the grab sample, and 	N: CVGW	is the ratio of these 

solutes that was added to the stream. Because Sw is highly dependent on stream 

discharge, (Q, L s-1), it is not an ideal metric for comparing uptake among streams 

(Stream Solute Workshop 1990, Hall et al. 2013). However, Sw can be easily 

converted to uptake metrics that control for the influence of stream discharge. Areal 

uptake, (U, µg m-2 s-1) is the rate at which a given solute is removed from the water 

column and is calculated as follows: 

𝑈 = Y×[I4?@A]
*×Z[

                  (3) 

 
where \𝑁]^_`a is the background concentration of the solute. U represents the areal 

uptake rate and has the same units as terrestrial uptake rates, which facilitates 

comparisons among ecosystems. However, U is strongly influenced by \𝑁]^_`a and 
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may not be the best way to compare how efficiently nutrients are used among streams 

with differing background chemistry (Dodds et al., 2002). Rather, nutrient use 

efficiency in streams is best assessed by calculating nutrient uptake velocity (vf, also 

referred to as the mass transfer coefficient), which provides a measure of nutrient 

demand independent of background concentration and stream size (Eq. 1.4) (Stream 

Solute Workshop 1990, Peterson et al. 2001, Valett et al. 2002): 

𝑣' =
Y

*×Z[
= c2K4

\d$-+e.d-4?@Aa
                               (4) 

where w is the mean stream width (L).  

1.4.6 SpC Corrections 

Because we used SpC as a surrogate for conservative tracer concentration, the 

effect of nutrients (which are also ions and thus affect bulk SpC) should be considered. 

Therefore, we tested the importance of accounting for the added SpC from nutrients as 

well as the conservative tracer in both low and high uptake streams. Because we added 

NO3- but did not measure it in each reach, we used predicted values to correct for the 

additional SpC from NO3-. The effect of SpC from nutrients on uptake velocity in each 

case was negligible (<1%). However, in streams with lower nutrient uptake (or 

possibly during injections where single nutrients are added), correcting for 

contribution of nutrient to conductivity may be more important (Day et al. 2016). 

1.4.7 Method specific spiraling calculations 

Specific to the plateau methods, we averaged the concentration of triplicate 

samples and calculated the slope of SpC-corrected nutrient concentration 

(Nutrient:SpC) between transect 0 (at the pump) and the last transect. For Eq. 2 in this 
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case, \𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡: 𝐶edlais the ratio of nutrient to SpC calculated at the injection point 

(based on pump rate, carboy concentration, and discharge).  

1.4.8 Mass Balance 

 We calculated mass balance uptake metrics by integrating the area under the 

BTCs for both nutrient and SpC, which gives us total nutrient and SpC recovered. We 

used the slope of the change in nutrient concentration relative to SpC over distance to 

calculate uptake rate and velocity (Eq.s 2, 3 and 4; Tank et al. 2008).  

1.4.9 TASCC 

 We calculated individual uptake lengths for each grab sample (Eq. 2). From 

the individual uptake lengths, we estimated ambient whole-stream uptake length by 

regressing the individual uptake lengths against their respective concentration to 

ambient concentration, much like one would with a multi-step plateau (Payn et al. 

2005, Covino and McGlynn 2010). We also calculated the uptake velocity using the 

nutrient concentration measured at the middle sampling transect during each plateau 

injection by calculating individual uptake rates (Uindv) for each Sw. In this case, we 

used the travel time for each sample to account for variable travel velocities (Covino 

et al., 2010; Day and Hall, 2017): 

𝑈ed`m =
ℓ×n×\IA6Na
-×Z[oMNAp

                                   (5) 

where ℓ is reach length (m), z is average depth (m), [Ndyn] is the geometric mean of 

the background corrected nutrient concentrations and the conservative nutrient 

concentrations estimated using the conservative tracer (both in µg L-1). We regressed 

Uindv against the added nutrient concentrations to calculate Uadd (Uadd = uptake rate 

estimated using the TASCC method but at the plateau enrichment concentration). 
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From Uadd we calculated vf -add using Eq. 4, and summed Uambient and vf -ambient 

(respectively) to get Utotal and vf -total; we used the total uptake values (uptake estimated 

at ambient plus estimates at enrichment concentrations) to compare among methods.  

 We checked for outliers by calculating the upper and lower bounds (1.5 times 

the interquartile range, added to the 3rd quartile for the upper bound and subtracted 

from the 1st quartile for the lower bound). If there were still points that notably 

deviated from a regression of Sw and [Ndyn] (particularly near the origin), we used a 

95% confidence interval to test if they were within the predicted range. 

1.4.10 Method comparison 

 To summarize the method comparison, we standardized the uptake values by 

taking the log10 of each uptake value divided by the average uptake value among 

methods for each site and each nutrient. We analyzed the effect of method on vf and U 

using one-way ANOVAs, with Tukey's post hoc tests to identify differences among 

the five methods (plateau, mass balance-long reach and -short reach, and TASCC-long 

reach and -short reach). To examine if the relationship between methods changes with 

relative uptake (e.g. if TASCC-long reach and plateau are more or less similar in 

streams with high uptake than in streams with low uptake), we used linear regression 

to compare the slope of the relationship between uptake estimates produced by each 

method to a slope of 1, indicating the comparability of each method. We used 

Microsoft Excel and R (version 3.4.3 Kite-Eating Tree) for data management and 

analysis.  

1.4.11 Additional Calculations 
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 To estimate if nutrient uptake was high enough that streams returned to an un-

enriched state within our experimental reaches (i.e. took up a majority of the nutrients 

added by the sampling point), we calculated the percentage of nutrients recovered by 

dividing the integrated nutrient mass measured by the amount added and correcting for 

SpC. 

 To examine variation in uptake within our experimental reaches, we calculated 

vf for the reach between the short and long pulse method sampling points ('short-long' 

reach) using the masses recovered at the short sampling point as the initial masses for 

the short-long reach. We made a similar modification to the plateau method to 

estimate uptake between the injection point and the first sampling point to test if vf 

decreased with movement downstream. To do this, we calculated vf from the slope 

between the change in [N]:SpC of the injection point and the first transect. 

 

1.5 Results 

We found a wide range of uptake estimates for both NH4+ and SRP. Most 

values were within the range of values from a survey of hundreds of streams reported 

in the literature (Hall et al. 2013), although our maximum SRP uptake value was 

notably higher, likely because P uptake was stimulated by the simultaneous addition of 

N and because many streams were P limited (Table 1.3).  

NH4+ uptake lengths (Sw) ranged from 89-28,502 m with a mean of 1634 m 

and a median of 736 m. Both short- and long-reach mass balance estimates of NH4+ Sw 

were significantly greater than plateau estimates, and both short and long reach 

TASCC estimates were intermediate (one-way ANOVA, F(5,51)=2.8, p=0.03, Fig. 
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1.1a). SRP Sw ranged from 78-22,420 m with a mean of 1939 m and a median of 1027 

m. The long reach TASCC estimates of SRP Sw and both short and long reach mass 

balance estimates were significantly greater than plateau estimates, with short reach 

TASCC estimates intermediate (one-way ANOVA, F(5,51)=4.3, p=0.003, Fig. 1.1b).  

NH4+ uptake rates (U) ranged from 0.002-1.9 µg m-2 s-1 with a mean of 0.23 µg 

m-2 s-1. Plateau U estimates were significantly higher than both short reach TASCC 

estimates and mass balance estimates, and long reach TASCC estimates for NH4+ were 

in between (one-way ANOVA, F(5,51)=4.3, p=0.002, Fig. 1.1c). SRP U ranged from 

0.004-2.7 µg m-2 s-1 with a mean of 0.5 µg m-2 s-1. Similar to NH4+, plateau U 

estimates for SRP were significantly higher than mass balance estimates, however in 

this case long reach TASCC estimates were also significantly lower and short reach 

TASCC estimates were intermediate (one-way ANOVA, F(5,51)=7.6, p<0.0001, Fig. 

1.1d).  

 

Table 1.3  
Minimum, Maximum and Mean vf (cm s-1) of NH4

+ and SRP  
 

  Solute  Min vf Max vf Mean vf 
Hall et al 2013 NH4

+ 0.0005 0.04 0.006 
This study NH4

+ 0.0001 0.05 0.009 
Hall et al 2013 SRP 0.0001 0.02 0.004 
This study SRP 0.0005 0.07 0.010 

 
Note. Values from our study are from all methods (TASCC, Mass Balance, and  
Plateau Methods) compared to nutrient uptake database developed by Hall et al 2013. 
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Figure 1.1: Standardized NH4
+ and SRP uptake metrics estimated using mass balance 

methods (both reach lengths) tended to be lower than estimates using the plateau method. Sw is 

in m, U is in µg m-2 s-1 and vf is in cm s-1. TASCC estimates were intermediate (U) or the same 

as plateau (vf). We calculated standard values by taking the log10 of each value after dividing 

by their site means. Bars represent standard error. Colors represent method and letters 

represent significant differences indicated by Tukey's post-hoc tests.  
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TASCC estimates of vf tended to be higher and therefore closer to plateau 

estimates than U. NH4+ vf ranged from 0.0001-0.028 cm s-1 with a mean of 0.008 µg 

cm s-1. SRP vf ranged from 0.0002-0.06 cm s-1 with a mean of 0.009 cm s-1. For both 

NH4+ and SRP, plateau and both short and long reach TASCC estimates were not 

significantly different from each other, and they were all greater than mass balance 

estimates (one-way ANOVA; NH4+:  F(5,51)=6.8, p<0.0001; SRP: F(5,51)=11, p<0.0001; 

Fig. 1.1 c and d). U and Sw both showed more variation between methods than vf. 

 

1.5.1 Pairwise comparisons   

Pairwise comparisons of each method provide a more detailed look at 

differences in uptake dynamics among methods for a range of sites and relative uptake 

estimates (section 1.2.10). In all but one case (short reach mass balance compared to 

plateau SRP vf), methods were significantly related (Fig.s 1.2 and 1.3, Table 1.4). 

 

1.5.1.1 Plateau versus TASCC 

NH4+ and SRP vf estimates from plateau and TASCC methods were similar for 

both short and long reach TASCC estimates (Fig. 1.2 a and b, Table 1.4). For both 

nutrients, slopes of both short- and long-reach estimates of vf using the TASCC 

method regressed against the plateau method were >1. Uptake rates (U) estimated by 

TASCC were similar to plateau estimates. However, in the case of long- and short-

reach NH4+ estimates of U, and long-reach SRP estimates of U, the slopes were <1, 

indicating in those cases that TASCC gives a lower estimate of U than the plateau 

method (Fig. 1.3 a and b, Table 1.4). 
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Table 1.4  
Statistics for Pairwise Comparisons using Linear Regression 
 

Nutrient Metric x y F df p adjR2 
NH4

+ U Plateau TASCC Long 46.49 1,8 < 0.0002 0.83 

NH4
+ U Plateau 

TASCC 
Short 36.39 1,7 < 0.001 0.82 

NH4
+ U Plateau MB Long 42.7 1,8 < 0.0002 0.82 

NH4
+ U Plateau MB Short 19.5 1,7 < 0.004 0.70 

NH4
+ U MB Short MB Long 68.73 1,7 << 0.0001 0.89 

NH4
+ U 

TASCC 
Short TASCC Long 155.5 1,7 << 0.0001 0.95 

NH4
+ vf Plateau TASCC Long 24.18 1,8 < 0.002 0.72 

NH4
+ vf Plateau 

TASCC 
Short 7.08 1,7 < 0.033 0.43 

NH4
+ vf Plateau MB Long 48.54 1,8 < 0.0002 0.84 

NH4
+ vf Plateau MB Short 12.22 1,7 < 0.011 0.58 

NH4
+ vf MB Short MB Long 31.44 1,7 < 0.001 0.79 

NH4
+ vf 

TASCC 
Short TASCC Long 32.05 1,7 < 0.0008 0.80 

SRP  U Plateau TASCC Long 13.29 1,8 < 0.007 0.58 

SRP  U Plateau 
TASCC 
Short 14.38 1,7 < 0.007 0.63 

SRP  U Plateau MB Long 19.24 1,8 < 0.003 0.67 
SRP  U Plateau MB Short 5.86 1,7 < 0.047 0.38 
SRP  U MB Short MB Long 32.48 1,7 < 0.0008 0.80 

SRP  U 
TASCC 
Short TASCC Long 379.9 1,7 << 0.0001 0.98 

SRP  vf Plateau TASCC Long 7.79 1,8 < 0.025 0.43 

SRP  vf Plateau 
TASCC 
Short 4.71 1,7 0.067ns 0.32 

SRP  vf Plateau MB Long 7.97 1,8 < 0.025 0.44 
SRP  vf Plateau MB Short 1.08 1,7 0.33ns 0.01 
SRP  vf MB Short MB Long 22.69 1,7 < 0.003 0.81 

SRP  vf 
TASCC 
Short TASCC Long 404 1,7 << 0.0001 0.98 

 
Note. All but two regressions (SRP vf plateau compared to both TASCC short and to mass balance short)  
were significant.  
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Figure 1.2:  Uptake velocity (vf) for each regression between methods for NH4
+ and SRP in all 

streams. Solid line represents the 1:1 line. Most values fell close to the regression line, 

although only some were close to the 1:1 line, meaning there was high correlation between 

methods, but their absolute values differed (when not close to the 1:1 line). See Table 1.4 for 

statistics. 
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Figure 1.3:  Uptake rate (U) for each regression of NH4
+ and SRP in all streams.  Solid line 

represents the 1:1 line. Most values fell close to the regression line, although only some were 

close to the 1:1 line, meaning there was high correlation between methods, but their absolute 

values differed (when not close to the 1:1 line). See Table 1.4 for statistics. 

 

1.5.1.2 Plateau versus Mass Balance  

When comparing the estimates of nutrient spiraling metrics calculated from 

plateau releases to estimates from pulse releases calculated using mass balance, we 

found that the mass balance method estimates of both U and vf were lower than 
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plateau estimates and had slopes < 1 for both nutrients (Fig. 1.2 and 1.3, c and d, Table 

1.4). In all cases (both short- and long-reaches and both SRP and NH4+), the mass 

balance estimates for El Tambo were outliers (see discussion). Except for the SRP vf 

estimate from El Tambo mass balance, all of the mass balance estimates of vf were 

lower than estimates from the plateau method.  

 

1.5.1.3 Short versus long TASCC and Mass Balance  

When comparing nutrient spiraling estimates from the short and long reaches 

calculated using the two pulse methods, TASSC and mass balance, we found that the 

long reach estimates of both NH4+ and SRP uptake (both vf and U) were lower than the 

short reach estimates for each respective comparison (slope <1, Fig.s 1.2 and 1.3 e and 

f, Table 1.4).  

 

 

Table 1.5   
Percent Mass Recovered for Each Experiment  
 

  
%P 
Recovered 

%P left by 
1st transect 

%P left 
by last 
transect %N Recovered 

%N left by 
1st transect 

%N left by 
last transect 

Stream Short Long Plateau Plateau Short Long Plateau Plateau 
OF6 94.0 78.4 97.7 71.0 73.1 52.7 48.7 42.7 
OF1 86.9 63.2 50.0 49.3 87.9 74.5 38.0 58.2 
Wigwam 81.4 77.8 74.9 50.5 79.4 71.8 74.1 41.2 
Last Day 46.7 40.7 41.8 16.6 76.1 90.1 109.5 63.5 
Edwin NA 86.8 124.8 91.0 NA 67.6 93.5 66.0 
El Tambo 32.8 30.4 82.1 55.7 58.6 61.9 69.5 49.1 
Coal 93.3 77.9 41.9 30.2 88.4 60.2 40.2 25.8 
4Mile 72.1 62.6 28.4 27.4 74.0 67.7 39.0 35.5 
Horse  83.7 76.4 78.4 73.2 60.6 46.4 72.0 56.6 
Cave 85.1 81.6 97.2 77.4 94.7 68.7 92.2 70.6 

 
Note. Values are corrected for the conservative tracer. 
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1.5.2 Dependence of method on uptake stoichiometry and reach length  

 U is auto-correlated with concentration, and vf can be influenced by relative 

availability of nutrients, so we also examine % nutrient recovery (% of added nutrients 

recovered at the sampling point, corrected for relative loss of conservative tracer). The 

range of nutrients recovered was wide for both P and N (Table 1.5). The percent P 

recovered ranged from 30 to 94% using the pulse method and from 17 to 91% using 

the plateau method. The percent N recovered ranged from 46 to 95% using the pulse 

method and from 26 to 66% using the plateau method. The percent of a nutrient that 

has been removed by the time the added nutrient reaches the sampling point is 

important for two reasons. First, uptake metrics are all dependent on reach length 

(Eqs. 2, 3, 4, and 5). If the majority of a nutrient is removed before the sampling point, 

uptake may be underestimated because the length of the full injection reach was used 

for the calculation but a majority of the uptake occurred prior to the sampling point. 

Second, if, within an addition experiment, a majority of a limiting nutrient is removed 

from the water column, the dynamics of a non-limiting nutrient may also be affected.  

For example, El Tambo is low in both N and P and shows some of the greatest 

variation in results among methods. We found high uptake velocities for both N and P 

during the pulse injection, and over half of the P was taken up by the ‘short’ reach 

sampling point (67%, Table 1.5). This resulted in a higher uptake velocity for the short 

pulse than either the plateau or long pulse (Fig. 1.4).  

 Similarly, N (what we assume is the non-limiting nutrient based on relative P 

uptake length) showed greater uptake velocity in the El Tambo short pulse than the 

long pulse or plateau, possibly because in the short reach, N uptake was stimulated by 
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release from P limitation. In this case, we likely would have measured an even higher 

uptake velocity had our reach been shorter (Fig. 1.4).  

 

Figure 1.4:  Data from El Tambo demonstrating how the slope of the lines used to calculate 

uptake metrics decline with increasing stream reach. The squares and triangles represent 

ln([SRP]:SpC) for the long and short breakthrough curves, respectively. The slope is the 

lowest between the short and long reaches, the steepest for short reach, and in the middle for 

the full reach and the effects of the variation in slope on uptake metrics are shown in the table. 

This figure demonstrates how declining nutrient concentration throughout variable reach 

lengths may mis-estimate nutrient uptake.  

 

Long BTC 

Injectate 

Short BTC 

Long reach, y=-0.005x+1.2 

Sh-Long reach, y=-0.002x+0.6 

Short reach, y=-0.007x+1.2 

		 Short	 Long	 Short-
Long	

Sw	 119	 188	 710	

U	 3.3	 2.0	 0.7	

vf	 0.07	 0.05	 0.01	
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 Some streams exhibited high initial uptake and then decreasing uptake 

throughout the reach due to nutrient depletion. In those cases, the vf for the short-long 

reach was much lower than either the short or long reach estimates (e.g. El Tambo 

SRP, Fig. 1.4 inset table). In the cases where nutrient depletion was not apparent 

(Table 1.5), the short-long reach vf estimate was between the short and long estimates 

(e.g. El Tambo NH4+, Supplementary Table 1.1). Last Day exhibits this same dynamic 

between N and P uptake values across the various reach lengths, although overall the 

uptake is much lower so the differences are not as great. Uptake dynamics in 4 Mile 

Creek also support the importance of reach length. The short, long and plateau reach 

lengths were all relatively long (328m, 468m, and 328m respectively) making the 

short-long reach length relatively short (140m). The short-long uptake vf were notably 

higher than any of the other vf, likely indicating that all but the short-long estimates 

were artificially low because of an overly long reach length.  

Because there was such variability in the percent nutrient removed, we closely 

examined the relationship between short and long-reach metrics as well as metrics 

calculated between the short and long sampling points for pulse injections ("short-

long", Sect 1.2.11). For plateau injections, we compared uptake metrics calculated 

using the full reach with uptake calculated between the injection point and the first 

sampling transect. In El Tambo, calculating vf from the slope between the change in 

[NH4+]:SpC of the injection point and the first transect (39.6 m from the pump) we get 

a vf of 0.036 cm/s, which is much higher than the plateau calculation using the full 

reach (0.014 cm/s). In streams with greater percent nutrient removal, we often found 

greater variation in uptake metrics, particularly when there were large differences in 
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reach length. For all sites where vf estimated using a short reach and the TASCC 

method was notably higher than the long reach TASCC vf, we calculated vf between 

the pump and the first transect for plateau and the values were indeed higher than the 

vf for the whole reach (data not shown).  

 

1.6 Discussion 

The nutrient uptake methods compared here have all been used extensively in 

published literature and each has advantages and disadvantages (Álvarez et al., 2010; 

Gooseff et al., 2008; Payn et al., 2005, 2008; Powers et al., 2009; Trentman et al., 

2015; Wlostowski et al., 2013). Here we provide a quantitative comparison of the 

plateau and two pulse methods with short and long reach lengths across diverse 

streams that vary in elevation, climate, background chemistry, and discharge. Several 

other studies have compared results from mass balance and plateau additions, finding 

that mass balance and plateau methods have provided similar estimates in streams 

with overall low nutrient demand (Powers et al., 2009), that transient storage estimates 

differ between methods (Gooseff et al., 2008), and that pulse additions typically have 

given lower uptake estimates than plateau (Álvarez et al., 2010). However, each of 

these studies was conducted in a small number of streams in a small geographic range. 

We found that the absolute value of each metric typically differed, with the mass 

balance approach providing the lowest uptake estimates, and TASCC and plateau 

methods overall providing the higher estimates. However, within each method, the 

relative uptake across sites remained similar.  
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Stream ecologists have refined plateau methods over the years to address 

issues related to absolute and relative amount, or stoichiometry, of nutrients added to a 

stream (Dodds et al., 2002b; Mulholland et al., 2002; Payn et al., 2005; Schade et al., 

2011). For example, the relative amount of nutrients added (e.g. N:P) is important 

because of the potential for uptake limitation of a non-limiting nutrient by the 

available amount of a limiting nutrient (Schade et al., 2011). The absolute amount of 

nutrient added is important, particularly in longer-lasting plateau additions, because of 

the potential for saturation of uptake or sorption sites and complications this presents 

for estimating uptake at ambient concentrations (Hart et al., 1992; Mulholland et al., 

1990, 2002; Payn et al., 2005).  

 

1.6.2 Does plateau method underestimate uptake?  

One of the criticisms of the single-concentration plateau method is that it 

underestimates nutrient uptake because instead of measuring uptake at ambient 

nutrient concentrations, the uptake metrics only represent the stream in a state of 

enrichment (i.e. above ambient concentrations; Mullholland et al. 1990, Mullholland 

et al. 2002, Payn et al. 2005). However, while we do not know the true uptake values, 

we found that the plateau U and vf estimates were typically higher than or similar to 

the TASCC U and vf  estimates, and were always higher than the mass balance uptake 

metrics (except for El Tambo SRP, Fig. 1.1a-d). If the plateau method tends to 

underestimate nutrient uptake, it does so less than TASCC and mass balance. In 6 of 

10 (NH4+) and 4 of 10 (SRP) cases we recovered less than half the added nutrient by 

the end of the reach (plateau, Table 1.5), and lower enrichment lessens the likelihood 
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of underestimating uptake. Single concentration plateau additions, particularly those 

with greater spatial resolution provided by a long uptake reach with frequent sampling 

points starting close to the injection point, does not appear to underestimate uptake 

relative to the TASCC and mass balance pulse methods, especially in streams with 

generally high nutrient uptake.   

 

1.6.3 Stoichiometric constraints on nutrient method efficacy 

One of the questions we evaluated with this study is the importance of reach 

length in estimating uptake metrics. Conventional wisdom posits that longer reach 

lengths better represent stream heterogeneity while shorter reach lengths are less at 

risk of underestimating uptake due to upstream nutrient depletion prior to the sampling 

point. Our data support the idea that long reach lengths underestimate uptake in 

streams with high uptake, particularly when multiple nutrients are added at the same 

time. In several cases in our study, a majority of the uptake of at least one nutrient 

occurred by the end of the ‘short’ reach length (Table 1.5), resulting in two errors in 

uptake metrics. First, nutrient uptake calculations are dependent on reach length, 

therefore the ‘long’ uptake metrics may underestimate uptake because a majority of 

the uptake occurred in the first part of the reach (as indicated by the measured nutrient 

at the short sampling site), but the long reach length was used in the calculation. 

Second, in the case where a limiting nutrient is added but a major portion of the total 

uptake occurs by the first sampling point (either by the short pulse sampling point or 

within the first couple of spatial transects in the plateau additions), it is logical that the 

non-limiting nutrient uptake metrics will also be affected (Schade et al. 2011). This 
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finding is important because within-reach changes in nutrient stoichiometry due to 

uptake can drive the ultimate uptake value, and the extent to which stoichiometry 

drives uptake depends on the reach length. We see this in multiple cases in our data 

and expand on the examples provided in the results below.    

Thus far we have shown that relative uptake of N and P across streams is an 

important factor for comparability among uptake methods. We also posit that relative 

uptake of N and P within a stream reach is important for driving nutrient uptake and 

our data indicate that limiting nutrients are an important factor in controlling nutrient 

uptake. In the results, we gave examples that support the importance of reach length 

and stoichiometry. El Tambo and Last Day both had a significant portion of nutrients 

removed prior to the first sampling point. In El Tambo and Last Day, where the short 

reach length and the short-long reach lengths were similar, uptake of the limiting 

nutrient (the nutrient with the shortest uptake length) was very high for the short reach 

and much lower for the long reach. Uptake of the non-limiting nutrient was stimulated 

in the short reach length and was also lower for the long reach length estimate, but 

there was not as great of a difference because the non-limiting nutrient was not as 

depleted. We posit that the short reach length pulse injections better represent uptake 

dynamics under non-limiting conditions or in high uptake streams and that for any 

reach length, uptake may be underestimated when a majority of the non-limiting 

nutrient is gone by the sampling point.  

In some cases, multiple experimental reach lengths enabled us to observe 

uptake in both limiting and non-limiting conditions. This can be advantageous 

considering adding multiple nutrients at once was previously thought to confound 
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evaluation of ambient uptake metrics by creating non-limiting conditions. Our data 

provide a good argument for conducting multi-reach, multi-nutrient pulse injections 

(when using the pulse method). If, for example, P is limiting, then uptake of N is 

dependent on P availability (and vice versa), which changes throughout the reach as 

nutrients are taken up and their stoichiometry changes, resulting in variation in uptake 

values depending on reach length and method.  

 

1.6.4 Importance of reach length in stoichiometric effects 

In 4 Mile Creek (stream 8), both the short and long reaches, as well as the 

plateau reach, were relatively long (328m, 468m, and 328m respectively, Table 1.1). 

For the pulse injections, a large portion of N and P were removed before the short 

reach length sampling point, and for the plateau injection, a 61% of N and 72% of P 

was removed by the first sampling transect. The vf estimates were uniformly low 

(~0.005 or less for N and ~0.007 or less for P). However, the vf estimate for the reach 

between the short and long sampling points was higher than all of the other estimates 

for both N and P, which is likely because of the much shorter reach length (140m) 

used in calculating uptake. In this case, uptake for all methods except short-long reach 

may be underestimated because the reach length was too long.  

Uptake estimates from short reach lengths were sometimes higher than 

estimates from longer reaches. When choosing a reach length, finding a balance 

between having a sufficiently long reach for the nutrients to completely mix and to 

interact with the streambed while being also short enough that the uptake metrics are 

not biased by rapid uptake prior to the sampling point is important. However, shorter 
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reaches may be more representative because, without multiple sampling points or the 

spatial resolution of a plateau addition, there is no way of assessing how fast within 

the reach the solute is removed. Similarly, for plateau additions, examining the loss of 

nutrients over space from the calculated concentration at the injection point and 

throughout the sampling transects can indicate when there is rapid uptake prior to the 

first sampling transect and this high uptake can be accounted for in the metrics. This 

was clearly shown by the El Tambo plateau injection where the vf estimate calculated 

for the reach between the injection point and the first sampling transect was much 

higher than the vf estimate for the full reach.  However, when using this approach, it is 

important to make sure the nutrients are fully mixed prior to the first sampling point.  

 

1.7 Conclusions and Methodological Suggestions 

 Overall, we found that plateau and pulse release methods for measuring 

nutrient uptake in streams provide comparable results. However, we recommend being 

consistent in the method used for comparing among streams or throughout time. To 

conclude, we discuss a few additional considerations regarding reach length and 

stoichiometry for method selection and analysis. 

 The mass balance approach typically provided the lowest uptake estimates (U 

and vf), and the TASCC and plateau methods typically provided the highest estimates. 

However, within each method the relationship of uptake across sites remained mostly 

the same. Patterns among streams and solutes were similar with multiple spiraling 

metrics (U and vf) within each method. However, U is auto-correlated with 

concentration, making vf a better metric for considering effects of absolute and relative 
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concentration. Additionally, we also recommend using vf because there was less 

variation in vf estimates across methods than U. As would be expected, effects of 

nutrient concentration and stoichiometry on uptake were more apparent in vf estimates 

than in U estimates. 

 Long reach lengths for both pulse and plateau additions have the potential to 

underestimate whole-stream nutrient uptake for two reasons. First, a majority of a 

nutrient may be taken up before the sampling point and therefore an overly-long reach 

length may drive the uptake estimate down. Second, the cycling of non-limiting 

nutrients may be affected by depletion of limiting nutrients within the injection reach. 

Therefore, we recommend using multiple (at least two) reach lengths when possible 

for pulse additions, or using shorter reach lengths when only one is possible, to avoid 

nutrient depletion.  

 In the case of plateau additions, careful consideration should be given to the 

choice of each sampling point relative to the injection point. In multi-nutrient 

additions, uptake metrics of multiple nutrients need to be examined simultaneously 

because of stoichiometric controls on nutrient cycling and multiple reach lengths can 

provide a better picture of stoichiometric interactions.  Finally, for all methods, we 

recommend calculating % nutrient removal to assess whether a reach length may be 

too long for accuracy or if depletion of a limiting nutrient is affecting uptake of a non-

limiting nutrient.  

Comparing the metrics in light of the % nutrient removed relative to reach 

length shows the effect limiting nutrients and nutrient stoichiometry may play in 

affecting uptake metric variability. Overall, comparing different methods across sites 
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is not recommended, but comparing uptake using consistent methods, regardless of the 

method, is possible as long as careful consideration is given to percent nutrient loss, 

stoichiometry, and reach length. 
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2.1 Abstract: Ecological stoichiometry examines how the relative availability and 

organismal use of nutrients drives their movement, retention and cycling, and provides 

a framework for examining linkages between elemental cycles. We evaluated the 

importance of temperature, absolute and relative concentrations of stream nutrients, 

and benthic epilithon stoichiometry in driving nutrient uptake in headwater streams 

located along natural environmental gradients in two climate regimes, temperate (in 

the Colorado Rockies) and tropical (in the Ecuadorian Andes). We were particularly 
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interested in examining how temperature effects on nutrient uptake vary between these 

tropical and temperate systems. Organisms in the montane tropics experience less 

seasonal and diel temperature variation than temperate organisms and both daily. 

Because organisms in temperate streams experience greater temperature variability 

than organisms in tropical streams, we expected temperate organisms to be able to 

metabolically compensate for variation in temperature and therefore that temperature 

would be a better predictor of nutrient use rates across our tropical sites. We also 

compared the effects of temperature to effects of both nutrient requirement and 

differences in the relative availability of nutrients on nutrient uptake. Additionally, we 

measured a broad range of environmental variables, including temperature, canopy 

cover, water column dissolved organic carbon, inorganic nitrogen, and phosphorus 

(SRP) and carbon:nitrogen:phosphorus (C:N:P) stoichiometry of epilithon.  

As expected, we found that temperature played a bigger role in nutrient uptake 

in tropical streams. The average epilithon C:N stoichiometry was not significantly 

different between tropical and temperate streams. However, the average epilithon N:P 

and C:P were both significantly higher in temperate streams relative to tropical 

streams, which is in contrast to most predictions about how epilithon N:P 

stoichiometry varies with latitude.  Interestingly, the uptake efficiency of N:P was 

higher in the tropics, possibly because of lower epilithon N:P stoichiometry and higher 

insolation leading to more efficient photosynthesis per molecule of N. Informing 

generalizable models about global nutrient fluxes requires fine-scale testing and 

intimate understanding of differences between climates. This research addresses 
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previously unexplored relationships between climate, ecosystem stoichiometry, and 

ecosystem function in high mountain streams. 

 

2.2 Introduction  

Biogeochemical cycles are complicated and can be driven by many factors, 

from abiotic temperature, to biotic species composition and productivity (Hedin et al., 

2003; Schlesinger et al., 2011). Additionally, biogeochemical cycles are almost never 

isolated, and instead are often linked to the cycles and relative availability of other 

elements (Sterner and Elser, 2002). Streams are important systems in which to 

consider biogeochemical cycles because they connect otherwise disconnected places 

and transport nutrients and contaminants across long distances.  

Measuring the retention and downstream transport of elements in streams 

allows us to test the importance of the factors driving biogeochemical cycling (B-M 

Vought et al., 1994). Specifically, measuring stream nutrient uptake is a common 

approach to assess how fast nutrients move through a system and provides insight into 

the balance of biotic and abiotic chemical forms (Hall et al., 2009; Mulholland et al., 

2009). This is useful for comparing nutrient demand and processing across different 

streams and systems (Hall et al., 2013; Mulholland et al., 1985, 2009; Payn et al., 

2005; Tank et al., 2008). It is important to understand what drives the movement of 

nutrients to better understand food webs (Collins et al., 2016b; Hulot et al., 2000; 

Knoll et al., 2009; Woodward and Hildrew, 2002), subsidies (Collins et al., 2016a; 

Kraus et al., 2014, 2016; Twining et al., 2016), effects of eutrophication (Dodds and 

Smith, 2016a; Domis, 2013; Mindl et al., 2005; Smith et al., 1998), and organism 
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physiology (Dalton et al., 2017; Torres and Vanni, 2007; Vanni et al., 2017). For 

example, riparian canopy loss generates hotspots of snail biomass, growth, and 

nitrogen (N) excretion along tropical stream networks, which exacerbates invasive 

snail impact on streams (Moslemi et al., 2012). 

The cycles of different elements have diverse drivers, and linkages between 

elements make considering the ecological stoichiometry essential to understanding 

biogeochemical processes (Frost et al., 2002; Sterner and Elser, 2002). For example, in 

streams limited by N, addition of phosphorus (P) significantly increased the uptake of 

the non-limiting nutrient P (Schade et al., 2011).  

Other factors can also play an important role in driving nutrient cycles. For 

example, ecosystem metabolism is an important driver of both NO3- and NH4+ cycling 

(Fellows et al., 2006; Hall et al., 2009; Hall and Tank, 2003; Tank et al., 2018; 

Webster et al., 2003), but metabolism is not strongly correlated with SRP (soluble 

reactive P) likely due to the fact that N processing is primarily driven by biological 

factors whereas P cycling is also affected by abiotic factors like sorption (Froelich, 

1988; Hall et al., 2013; Meyer, 1979).  

The cellular elemental composition of the organisms responsible for nutrient 

processing is also an important factor. In controlled mesocosm environments, the N:P 

stoichiometry of algae can closely track the N:P of supply (Rhee, 1978). In natural 

systems, this relationship is more complicated, although there is still generally a 

positive relationship (Cross et al., 2005, 2015; Frost et al., 2005a; Hall et al., 2005a).  

Two major factors influencing biogeochemical cycles geographically are 

climate and temperature. Climate is an important factor to consider for ecosystem 
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processes because it can drive biodiversity and associated function (Boulton et al., 

2008; Boyero et al., 2009). Temperature is an important factor to consider in 

biogeochemical cycling because it is directly linked with metabolism and enzyme 

kinetics (Brown et al., 2004; Cross et al., 2015). Temperature in the tropics is more 

consistent on both an annual and diel timescale than temperate systems (Ghalambor, 

2006; Shah et al., 2017b, 2017a). Within a climate system, temperature varies as a 

function of elevation with higher elevations experiencing relatively colder temperature 

(Fig. 2.1; (Ghalambor, 2006)), and there is more overlap in temperature across streams 

along elevation gradients in temperate systems (Ghalambor, 2006; Shah et al., 2017b, 

2017a). 
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Figure 2.1: Differences in annual temperature range between tropical and temperate 
climates at low and high elevations; modified from Ghalambour et al 2006 (A). Map 
of study sites with color indicating temperature and shape indicating drainage (B).  
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Previous studies have compared the differences in biodiversity and community 

structure in tropical and temperate streams and found much higher richness in tropical 

streams (Boulton et al., 2008; Boyero et al., 2009; Gill et al., 2016; Jacobsen et al., 

1997; Polato et al., 2018). Others have compared physiological differences like 

thermal breadth and acclimation ability in terrestrial and aquatic ectotherms, finding 

that both are lower in tropical ectotherms (Shah et al., 2017a, 2017b; Tewksbury et al., 

2008). However, few studies have focused on drivers of nutrient uptake in spite of its 

importance in ecosystem functioning that can mitigate eutrophication, transform 

dissolved inorganic nutrients into a form accessible by higher organisms, and facilitate 

the transport of nutrients long distances (Bernot et al., 2006; Dodds and Smith, 2016a; 

Hoellein et al., 2012).  

The Lotic Intersite Nitrogen eXperiment (LINX) project conducted a multiple 

biome study of NH4+ uptake drivers across both a latitudinal and longitudinal gradient 

and found no significant drivers across their biomes except for a high correlation 

between N demand calculated based on metabolism and NH4+ uptake (Webster et al., 

2003). Other studies have corroborated this strong linkage between N cycling and 

metabolism (Fellows et al., 2006; Hall et al., 2009; Mulholland et al., 2009; Norman et 

al., 2017; Tank et al., 2018; Wymore et al., 2016). However, they primarily focused on 

broader drivers like transient storage or bulk biomass in basal resource compartments 

and did not consider the potential direct or interactive effects of more specific factors 

like temperature, chlorophyll a or the stoichiometry of the stream and its basal 

resources (with the exception of Wymore et al. 2016 and Norman et al. 2017). These 

factors are intimately linked with nutrient cycling, and given their geographic 



 

51 

variation, may be important but under-considered drivers of nutrient uptake. 

Furthermore, to our knowledge, no one has explicitly linked the cycling of both N and 

P with dissolved and basal resource stoichiometry as well as temperature.   

In this study, we conducted a series of nutrient additions along an elevation 

gradient, which has a natural temperature gradient as well as variation in other factors 

related to nutrient uptake, including canopy cover, biomass, chlorophyll, geology, 

species composition, and dissolved nutrient concentration. We repeated our nutrient 

additions in both tropical (Ecuadorian Andes) and temperate (Colorado Rockies) 

streams, then used structural equation modeling to assess drivers of nutrient uptake 

and differences in those drivers in the two climate regimes. 

Our main goal was to test how drivers of nutrient uptake differ as a function of 

elevation as well as between tropical and temperate systems. We particularly consider 

some functional traits of epilithic biofilm communities (assemblages of 

microorganisms including algae, bacteria and fungi growing on stream substrates, 

hereafter “epilithon”). We hypothesized that temperature is a bigger driver of nutrient 

uptake in the tropics than in temperate streams for two main reasons. First, annual 

thermal stability in tropical streams results in epilithon communities that are 

functionally optimized to their ambient temperature. Second, temperate epilithon 

communities are adapted to a broader thermal range because they rarely experience 

their optimal temperature. Therefore, they are able to metabolically compensate and 

maintain consistent uptake at a wider range of temperatures (Webster et al., 2003).  

These hypotheses are based on the climate variability hypothesis, which states 

that organisms in the tropics may be more sensitive to changes in temperature because 
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they do not experience the same seasonal variation in temperature that temperate 

organisms experience (Janzen, 1967). Previous studies have found support for greater 

thermal sensitivity in tropical invertebrates than in temperate invertebrates (Polato et 

al., 2018; Shah et al., 2017b), but it is unknown if microbial communities follow the 

same pattern. Microbial life cycles may be sufficiently brief that the climate variability 

hypothesis does not apply. Furthermore, microbial communities may be so diverse that 

there are specialists across a broad range of temperatures within a given community. 

 

2.3 Methods 

2.3.1 Physical characteristics: 

We selected sites along elevation gradients in several watersheds in both 

tropical and temperate environments (Tables 2.1 and 2.2) and most were part of a 

larger NSF study examining how the Climate Variability Hypothesis applies to 

organism physiology and function in tropical and temperate streams. Our temperate 

sites consisted of 11 streams in the Front Range of the Rocky Mountains in the Poudre 

and St. Vrain drainages, sampled in June and July of 2013 (Poudre) and 2014 (St. 

Vrain). Our tropical sites consisted of 15 streams in the Ecuadorian Andes in the 

Jondachi, Antisana, Papallacta, and Oyacachi drainages, which feed into the Amazon 

and are part of the Rio Napo sub-basin of the Amazon. We sampled the tropical 

streams during the dry season (January-March). We sampled four of the Ecuadorian 

streams twice, once in 2013 and once in 2014. For our models, we treated these as 

independent streams because they exhibited variation in both their physical and biotic 

characteristics. We plotted each variable, and for most of them, the variance between 
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years for the repeat sites was comparable to the variance between sites. All other 

streams were sampled once. 

Table 2.1: Average differences in physical characteristics between tropical and 
temperate streams. Results are from unpaired Welch Two Sample T-Tests. 

 

The elevation gradients contain a natural temperature gradient but vary in other 

physical and biological characteristics also, facilitating our exploration of various 

drivers of nutrient uptake. Other characteristics which varied along the elevation 

gradient include canopy cover (ranging from nearly 100% canopy cover at low 

elevation sites to 0% canopy cover above tree line), dissolved nutrients, and epilithon 

stoichiometry, chlorophyll a, and ash-free dry mass.  

 

2.3.2 Nutrients: 

We filtered stream water for water chemistry through GFF Whatman filters. 

NH4+ samples were spiked with OPA working reagent while still in the field, left in 

the dark at room temperature to react for 4-8 hours, and read on a Turner Designs 

handheld fluorometer (Holmes et al., 1999; Taylor et al., 2007). We froze samples for 

soluble reactive phosphorus (SRP) within 24 hours and analyzed on a 

spectrophotometer using the molybdate blue reduction method (Murphy and Riley, 

Variable Unit Tropical Range Temperate Range estimate t statistic p-value conf.low conf.high
Elevation m asl 1600-4044 2000-3254 -0.370 -1.53 0.137 -0.865 0.126
T ˚C 6.5-18.7 6.5-21.1 0.045 0.263 0.797 -0.328 0.418
Q L s-1 16-459 31-282 -0.007 -0.207 0.838 -0.077 0.063
SpC µS cm-1 40-217 20-306 -50.2 -1.6 0.134 -118 17.8
Canopy Cover % 0-94 0.1-98 0.088 0.638 0.53 -0.198 0.374
Bkg NH4

+ µg L-1 0.4-15 0.9-8 -1.06 -1 0.324 -3.22 1.1
Bkg NO3

- µg L-1 1-321 1-209 -34.1 -1.16 0.256 -94.6 26.4
Bkg SRP µg L-1 1-13 2-12 -0.506 -0.374 0.712 -3.32 2.3
Bkg DOC mg L-1 0.4-2 1-8 2024 3.98 *0.003 892 3156
molar TN:P NA 0.5-283 1-104 -6.42 -0.291 0.774 -52.2 39.4
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1962). We froze samples for NO3- concentration and measured on a QuickChem, 

Lachat Instruments, Chicago, IL, USA.  
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Table 2.2 Background characteristics of study sites 
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2.3.3 Discharge: 

We measured stream discharge (Q, in L s-1) by adding a conservative tracer 

(NaCl) to the stream and dividing the total mass of the added, pre-weighed salt by the 

time specific integration of the curve generated by changing Cl- concentration over 

time ("dilution gauging", (Barbagelata, 1928)). We used a YSI 600 OMS water quality 

sonde to measure the breakthrough curve at a well-mixed area downstream from the 

addition site. 

 

2.3.4 Nutrient uptake: 

We estimated stream nutrient uptake by pulse addition (Covino et al., 2010; 

Tank et al., 2008) as described in Chapter 1. Briefly, we added pre-dissolved nutrients 

all at once in the following amounts:  100 mg P per L s-1 (using both KH2PO4 and 

K2HPO4, to maintain a neutral pH), 200 mg NO3- -N per L s-1 (as NaNO3) and 100 mg 

NH4+-N per L s-1 (as NH4Cl). We used Cl- as a conservative tracer (Triska et al., 

1989). Downstream, we sampled water chemistry every 30 seconds during the period 

when nutrients and conservative tracer were increasing (as measured by a YSI 600 

sonde) and, after the peak concentration, with longer intervals (with an estimated 

equivalent change in conservative tracer) until return to ambient values (Covino et al., 

2010).  

 

2.3.5 Epilithon: 

We collected epilithon by scraping rocks with brushes, measuring the area of 

the rock, and subsampling the collection. Samples were kept in a cooler with ice until 
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processed later on the day of collection. We measured chlorophyll a by extracting for 

12-24 hours in 90% EtOH buffered with MgCO3 and reading fluorescence on a Turner 

Designs Handheld fluorometer with a chlorophyll channel (Collins et al., 2016c). 

After the initial reading, each sample was acidified with 0.1N HCl and read again after 

exactly 2 minutes to correct for phaeophytin (Parsons et al., 1984). Ash-free dry mass 

(AFDM) was measured by ashing a pre-massed quantity of dried material in a muffle 

furnace for 2 hours at 450˚C. Post-ashing masses represent the inorganic material, and 

subtracting this from the pre-mass represents the organic material. Percent phosphorus 

was measured by acid digestion followed by molybdate blue analysis (Murphy and 

Riley, 1962; Stainton, 1980; Strickland and Parsons, 1970). We measured C:N on an 

Elementar vario El III.  

 

2.3.6 Other stream characteristics:  

At all of the streams, we measured temperature throughout the day while 

conducting nutrient additions using a YSI 600 OMS sonde. At most of the streams, we 

measured diel and seasonal temperature trends using Minidot temperature loggers 

submerged and set to log every 15 minutes. In some cases, landslides, floods or other 

constraints prevented long term data collection.  

 

2.3.7 Modeling and Statistics: 

Data were corrected to meet normality assumptions when necessary. To assess 

the relative strength of the various hypothesized drivers of nutrient uptake, we first 

tested individual relationships between each variable and its predictors using linear 
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regression models. We retained those that were statistically significant (alpha=95%). 

We then tested our a priori hypothesized causal relationships using structural equation 

modeling (Grace, 2006, 2008) (lavaan package, R). We initially assessed model fit by 

accepting P-values (Chi-square) of the whole model >0.05 (a counterintuitive but 

traditional cutoff point indicating the likelihood of the model given the data). We then 

optimized the model by eliminating variables that were insignificant within the 

structured model and evaluating fit based on the following fit indices:  Tucker-Lewis 

Index > 0.8, SRMR <0.1, CFI >0.9, and RMSEA <0.1. 

When building the model structures, we found that chlorophyll a was so 

important in driving uptake in tropical streams that it was hard to assess the role other 

variables played. Therefore, we corrected our uptake values for chlorophyll by 

dividing by chlorophyll to create a composite variable representing uptake per 

chlorophyll. Using this new variable, we reran the models to assess the relative 

importance of other variables in driving uptake differences between tropical and 

temperate streams. 

 

2.4 Results 

Background physical characteristics for the tropical and temperate streams 

were not statistically different except DOC concentration (Table 2.1). Temperature 

was much more important in driving nutrient uptake in tropical streams than in 

temperate streams (outlined in the path diagrams and throughout the rest of the 

results). Except for SRP vf/chlorophyll, temperature was important in tropical streams 

for both uptake metrics (U and vf) and for both nutrients (SRP and NH4+), both with 
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and without a correction for chlorophyll. In contrast, temperature was not significantly 

correlated with either of the uptake metrics for either nutrient, with or without a 

chlorophyll correction except for NH4+ vf /chlorophyll a.  

 

2.4.1 Multivariate controls of NH4+  

 In temperate streams, we found that background NH4+ was an important driver 

for all but NH4+ vf /chlorophyll a, but for this model, the stoichiometry of stream C:N 

was an important indirect driver through epilithon dry mass, and stream N:P was an 

important driver through epilithon C:N (Fig. 2.2). The only metric for which we were 

unable to create a satisfactory model was temperate NH4+ U/Chlorophyll a. The only 

significant predictor of NH4+ U/Chlorophyll a was background NH4+, which is 

inherently autocorrelated with U. The only model for which temperature was 

important in temperate streams was NH4+ vf /chlorophyll a, which may indicate that 

temperature plays a bigger role in autotrophic nutrient demand than heterotrophic 

nutrient demand (Kamjunke, 2010). 
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Figure 2.2:  Path diagrams from best fit SEM models for temperate NH4+. Red paths 
indicate negative relationship and blue paths indicate positive relationship. The 
numbers by the paths represent path coefficients (or connection strength). p>0.05 
indicates a significant relationship.  RSQ=R2. Bkgd=background. Chla=Chlorophyll a. 
Epi=epilithon (biofilm). 
 

  In tropical streams, we found that temperature was important for each metric 

of NH4+ uptake (Fig. 2.3, Tables 2.3 and 2.4). Chlorophyll was important for both 

models when variables were not expressed per chlorophyll, indicating that the 

autotrophic community may play a larger relative role in NH4+ uptake in tropical 

streams than temperate streams. The only significant stoichiometric driver of NH4+ 

uptake in tropical streams was dissolved DIN:SRP, which indirectly affected NH4+ vf 

through chlorophyll a. Overall, temperature was more important for NH4+ cycling in 

tropical streams and stoichiometry was more important for NH4+ cycling in temperate 

streams.  
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Multivariate controls of SRP  

 In temperate streams, we found that both epilithon dry mass (direct) and 

dissolved C:N (always indirect, sometimes also direct) were important for both SRP 

uptake metrics, both corrected for chlorophyll a and not (Fig. 4, Tables 2 and 3). 

Temperature was not important in any of the models.  

 In tropical streams, we found that temperature was important for all metrics of 

SRP uptake except vf /chlorophyll a, mostly supporting our hypothesis that 

temperature is a more important driver of nutrient uptake in the tropics than in 

temperate systems. The N:P stoichiometry of epilithon was important for both non- 

Figure 2.3:  Path diagrams from best fit SEM models for tropical NH4+. Red paths 
indicate negative relationship and blue paths indicate positive relationship. The 
numbers by the paths represent path coefficients (or connection strength). p>0.05 
indicates a significant relationship.  RSQ=R2. Bkgd=background. Chla=Chlorophyll a. 
Epi=epilithon (biofilm). 
 

Table 2.3: Summary of SEM results with main predictors for the various metrics (U 
and vf) for NH4+ and SRP, not corrected for Chla, between tropical and temperate 
streams. Chla=chlorophyll a. Epi=epilithon 
Variable Nutrient 

metric 
Temperate Tropical 

Temperature (C) NH4+ U No Indirect through Chla 
Temperature (C) NH4+ vf No Indirect through Chla 
Temperature (C) SRP U No Indirect through Chla 
Temperature (C) SRP vf No Indirect through Chla 

& Epi N:P 
Chlorophyll a NH4+ U No Yes 
Chlorophyll a NH4+ vf No Yes 
Chlorophyll a SRP U No Yes 
Chlorophyll a SRP vf No Yes 
Stream 
stoichiometry 

NH4+ U Indirect (NH4+:SRP via 
Epi C:N) 

No (only [NH4+]) 
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Stream 
stoichiometry 

NH4+ vf Indirect (NH4+:SRP via 
Epi C:N) 

Indirect (DIN:P 
through Chla) 

Stream 
stoichiometry 

SRP U Yes (C:N through 
DryMass, NH4+:SRP 
direct) 

No 

Stream 
stoichiometry 

SRP vf Yes (C:N) No (only [SRP]) 

Epi stoichiometry NH4+ U Yes (C:N) No 
Epi stoichiometry NH4+ vf No No 
Epi stoichiometry SRP U No Epi N:P  
Epi stoichiometry SRP vf No Epi N:P 

 
Table 2.4: Summary of SEM results with main predictors for the various metrics (U 
and vf) for NH4+ and SRP, corrected for Chla, between tropical and temperate streams. 
Chla=chlorophyll a. Epi=epilithon 
Variable Nutrient 

metric/Chla 
Temperate Tropical 

Temperature (C) NH4+ U No Indirect (via Epi%C) 
Temperature (C) NH4+ vf Yes Indirect (via Epi%C) 
Temperature (C) SRP U No Indirect (via Epi%C) 
Temperature (C) SRP vf No No 
Chlorophyll a NH4+ U NA NA 
Chlorophyll a NH4+ vf NA NA 
Chlorophyll a SRP U NA NA 
Chlorophyll a SRP vf NA NA 
Stream 
stoichiometry 

NH4+ U No (only [NH4+]) No (only [NH4+] & 
[DOC]) 

Stream 
stoichiometry 

NH4+ vf Indirect (C:N via 
DryMass and 
NH4

+:SRP via Epi C:N) 

No 

Stream 
stoichiometry 

SRP U Indirect (C:N/N:P via 
DryMass) 

Indirect (C:N via Epi 
%C) 

Stream 
stoichiometry 

SRP vf Indirect (C:N via 
DryMass) 

Yes (NH4+:SRP) 

Epi stoichiometry NH4+ U No No (only Epi%C) 
Epi stoichiometry NH4+ vf Yes (C:N) No (only Epi%C) 
Epi stoichiometry SRP U No No (only Epi%C) 
Epi stoichiometry SRP vf Yes (C:N) No 

 

2.4.2 Multivariate controls of SRP  

 In temperate streams, we found that both epilithon dry mass (direct) and 

dissolved C:N (always indirect, sometimes also direct) were important for both SRP 
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uptake metrics, both corrected for chlorophyll a and not (Fig. 2.4, Tables 2.3 and 2.4). 

Temperature was not important in any of the models.  

In tropical streams, we found that temperature was important for all metrics of 

SRP uptake except vf /chlorophyll a, mostly supporting our hypothesis that 

temperature is a more important driver of nutrient uptake in the tropics than in 

temperate systems. The N:P stoichiometry of epilithon was important for both non-

chlorophyll a corrected metrics (Fig. 2.5, left panels) but only stoichiometry of 

dissolved elements was important for the chlorophyll a corrected metrics (Fig. 2.5, 

right panels).  
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Figure 2.4:  Path diagrams from best fit SEM models for temperate SRP. RSQ=R2. 
Bkgd=background. Chla=Chlorophyll a. Epi=epilithon (biofilm). Red paths indicate 
negative relationship and blue paths indicate positive relationship. Numbers by paths 
represent path coefficients (or connection strength). p>0.05 indicates a significant 
relationship.   
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Figure 2.5:  Path diagrams from best fit SEM models for tropical SRP. Red paths 
indicate negative relationship and blue paths indicate positive relationship. The 
numbers by the paths represent path coefficients (or connection strength). p>0.05 
indicates a significant relationship.  RSQ=R2. Bkgd=background. Chla=Chlorophyll a. 
Epi=epilithon (biofilm). 
 
2.4.4 Stoichiometry of dissolved C, N and P in stream water 

As expected based on the lack of difference in average dissolved N and P 

concentration and higher DOC concentration in temperate streams, average stream 

water C:P and C:N were both significantly higher in temperate streams than in tropical 

streams (t22=3.9, p=0.0007 and t24=2.1, p=0.04 respectively) while N:P was not 

significantly different between tropical and temperate streams. The N:P of uptake 

velocity was generally higher in the tropics, which indicates that tropical streams were 

more efficient at taking up N than temperate streams (Fig. 2.6a; t24.5= -2.32, p=0.029). 
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The average N:P of uptake rate was not significantly different between tropical and 

temperate streams (Fig. 2.6b; t19= 1.76, p=0.09). 

 
Figure 2.6: N:P of uptake velocity (vf) was higher in tropical streams, indicating 
tropical streams are more efficient at getting N relative to P compared to temperate 
streams (a). N:P of uptake rate (U) was not significantly different between tropical and 
temperate streams (b). 
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2.4.5 Epilithon Stoichiometry 

Both epilithon N:P and C:P were significantly lower in the tropics (Fig. 2.7; 

t13=3.4, p=0.005; t12=3.3, p=0.006 respectively), which is in contrast to most currently 

published theory, which predicts a decrease in algal N:P with latitude. However, the 

lower dissolved N:P in our tropical streams likely indicates N-limitation and fits with 

the higher efficiency of N uptake relative to P. There was no significant difference in 

algal C:N between tropical and temperate streams (t27= -0.6, p=0.56).  

 

Figure 2.7: C:N was not significantly different between tropical and temperate streams 
(t27= -0.6, p=0.56). Both epilithon N:P and C:P were significantly lower in the tropics 
(t13=3.4, p=0.005; t12=3.3, p=0.006 respectively).  
 

2.4.6 Epilithon Chlorophyll a and Dry Mass 

 Average chlorophyll a was not significantly different between tropical and 

temperate streams (t27=0.7, p=0.49). Average total dry mass of epilithon was higher in 
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tropical streams (t12= -3.14, p=0.009). Average organic mass of epilithon was not 

significantly different between tropical and temperate streams (t19= -1.17, p=0.26). 

Average inorganic mass of epilithon was higher in tropical streams than temperate 

streams, although this was marginally significant (t21= -2.04, p=0.05). The autotrophic 

index (organic matter/chlorophyll a) was higher in tropical than temperate streams, 

although this was also marginally significant (t20= -2.05, p=0.05). 

 

2.5 Discussion 

 We found that temperature was a more important driver of nutrient uptake in 

tropical streams than in temperate streams. Temperature was important for all of the 

models for both N and P in the tropics except for SRP vf/chlorophyll a, and 

temperature was not important for any of the models in temperate streams except for 

NH4+ vf/Chlorophyll a. Interestingly, the best fit model for NH4+ vf/Chlorophyll a was 

the only model where temperature had a significant direct effect on uptake for either 

NH4+ or SRP in either tropical or temperate streams. While temperature initially 

appeared important based on simple regression analysis, the structural equation 

models (SEMs) helped us tease apart covariance and indicate that temperature is only 

indirectly important. 

Previous studies have highlighted both evidence of decreasing autotroph N:P 

with increasing latitude and mechanistic explanations for why this trend may occur 

(Borer et al., 2013; Galbraith and Martiny, 2015; Martiny et al.; Yvon-Durocher et al., 

2015). Mechanistic explanations include the ‘environmental nutrient hypothesis’ (the 

warm tropics are P depleted, leading to higher N:P; Reich & Oleksyn 2004), the 
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similar ‘luxury uptake hypothesis’ (the non-limiting nutrient is stored in excess; 

Klausmeier et al. 2004, Hillebrand et al. 2013), ‘the growth rate hypothesis’ (higher 

growth rate leading to decreased cellular N:P because of increased P-rich ribosomes 

may apply if autotrophs at higher latitudes have more ribosomes to offset the impact 

lower temperatures have on protein synthesis; Sterner and Elser 2002, Brown et al. 

2004)) and the ‘temperature dependent physiology hypothesis’ (organisms growing at 

higher temperatures need more N to support protein synthesis rather than P-rich 

ribosomes; Woods et al. 2003, Toseland et al. 2013, Yvon-Durocher et al. 2015)).  

Most of these mechanistic explanations for N:P increasing towards the equator 

are directly tied to a temperature gradient that parallels the latitude gradient. However, 

this is not necessarily the case in montane streams where temperature decreases with 

elevation and on a given day during temperate summers, montane streams experience 

similar to or warmer temperatures than tropical streams of the same elevation (Table 

2.1). Therefore, it is not necessarily surprising that, in contrast to the general trend of 

decreasing algal N:P with increasing latitude, we found that both N:P and C:P were 

significantly lower in the tropics (t13=3.4, p=0.005; t12=3.3, p=0.006 respectively). 

This may be particularly well explained if, due to greater insolation in the tropics 

relative to temperate systems (Acevedo-Trejos et al., 2014), algae need fewer 

photosynthetic proteins, which are N-rich, thus lowering their N:P (Toseland et al., 

2013; Yvon-Durocher et al., 2015). 

 The LINX project used a fixed algal C:N ratio to calculate N demand from C 

fixation to avoid bias from senescent algae or non-algal material (Webster et al., 

2003). We found that both background stream water C:N and measured epilithon C:N 
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played an important role in both the NH4+ and P cycles in temperate streams. While 

the C:N of phytoplankton is often more consistent than C:P (Devries and Deutsch, 

2014), because C:N of epilithon played an important role in the NH4+ and P cycles in 

temperate streams it is likely important to consider the actual C:N rather than an 

estimate. While the epilithon we measured are almost certainly not pure algae, the 

other components likely also participate in stream uptake and therefore it is important 

to consider their stoichiometry and nutrient demand. For example, previous studies 

show that DOC enrichment can stimulate assimilatory nitrogen demand by 

heterotrophs (Bernhardt and Likens, 2002).  

We found that tropical streams were more efficient at taking up N relative to P. 

Several factors could contribute to increased N-acquisition efficiency in the tropics, 

including underlying geology or the aforementioned  higher tropical solar irradiation 

enabling tropical algae to maintain similar rates of photosynthesis with lower levels of 

N-rich photosynthesis proteins (and therefore lower cellular N:P) (Toseland et al., 

2013; Yvon-Durocher et al., 2015). Increased N:P uptake efficiency fits with lower 

N:P of epilithon in the tropics. However, because most other studies and mechanistic 

explanations predict higher N:P of algae in the tropics, further research is needed to 

test applicability at broader scales.  

 

2.6 Conclusions 

The results of this study suggest that temperature plays a more important role 

in driving nutrient uptake in the tropics than in temperate streams. We also found that 

the efficiency of N:P uptake is higher in tropical streams, which fits with our other 
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finding that N:P and C:P of epilithon is lower (i.e. P is not necessarily limited) in 

tropical streams compared to temperate streams.  

Understanding how temperature and nutrients interact to affect ecosystem 

function and nutrient retention and transport in streams is important given predicted 

changes in climate and the continued increase of anthropogenic nutrient contributions 

to freshwaters (Dodds and Smith, 2016a; Domis, 2013; Song et al., 2018; Toseland et 

al., 2013; Wilhelm et al., 2013). A stoichiometric perspective can, in some cases, 

provide a better explanation of in stream nutrient dynamics than examining single 

nutrients.  
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2.1 Abstract 

Several US federal agencies consider arsenic the top priority of hazardous substances 

because of its dire effects on human health and global prevalence. Arsenate (AsO43-), a 

common form of inorganic arsenic (iAs), has a stereochemistry similar to phosphate 

(PO43-), which is necessary for all life. Arsenate can be taken up by organisms via 

PO43- transporters in place of PO43-, consequently hindering energy storage and 
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production. Not surprisingly, iAs is more likely to be taken up and its toxic effects are 

greater when phosphorus (P) availability is low. Cycling of P is also tightly coupled to 

the relative availability of nitrogen (N), and cellular uptake of P is greater when N:P is 

high. Because P is intimately linked with both AsO43- and N, we suggest that cellular 

uptake of iAs is driven by N:P. To test this previously untested mechanism, we used 

experimental chambers to measure iAs uptake by stream biofilms in both field and lab 

studies with consistent P supply and high and low N supply. We show that uptake of 

iAs depends on the relative availability of N:P with three main results. First, iAs 

uptake was higher in high N:P growth environments. Second, iAs uptake was inhibited 

when P was added during the uptake experiment (lowering N:P). Third, biofilm 

development was hindered in high N:P environments with iAs, a condition that 

stimulated biofilm development in treatments without iAs. Our results indicate that 

iAs uptake and toxicity are linked to N availability and are exacerbated by high N:P. 

Cellular mechanisms for P-transport are well-conserved across all organisms, so we 

expect these results to apply broadly. Given the ubiquity of iAs contamination and 

global shifts in the relative availability of N and P, understanding the interaction 

between N, P, and iAs cycling will be crucial for protecting human and environmental 

health. 

 

2.2 Introduction 

Examining the cycling of single elements in isolation is problematic because of the 

strong coupling of biogeochemical cycles (Brown et al., 2004; Cross et al., 2005; 

Howarth et al., 2011; Ryther and Dunstan, 1971; Schade et al., 2011; Schindler, 1971; 
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Schlesinger et al., 2011). Ecological stoichiometry examines how the relative 

availability of and organismal demand for elements drive elemental flux, storage and 

metabolism in ecosystems and is thus an important framework for examining paired 

biogeochemical processes.  However, studies of ecological stoichiometry in both 

terrestrial and aquatic systems often focus on carbon, nitrogen and phosphorus while 

trace elements have been neglected in spite of their known importance (Sterner and 

Elser, 2002).  

Other elements than those that build life (C, N, P, H, O, S) can be vital in 

shaping ecosystem structure and function.  For example, the essential trace element 

molybdenum has been shown to limit nitrogen (N)-fixation (Barron et al., 2008; 

Howarth and Cole, 1985; Vitousek and Howarth, 2007), a globally significant process 

regulating N availability in ecosystems (Galloway et al., 2004). Conversely, the toxic 

effects of mercury (Hg) can be mitigated by selenium (Se) (Beijer and Jernelov, 1978), 

and the ratio of Hg:Se controls both how much Hg is retained in and transferred 

through trophic levels in stream food webs, and how much Hg is released to 

downstream ecosystems (Bjerregaard et al., 2011; Walters et al., 2015),. Despite 

human and environmental health implications and the potential to explain previously 

unresolved biogeochemical dynamics, toxic, trace elements have generally not been 

considered in the ecological stoichiometry framework. Using stoichiometry to 

understand the cycling of toxic elements may provide insight into the mechanisms that 

control their toxicity and better inform mitigation strategies. Here, we expand the 

framework of ecological stoichiometry to examine the trace element arsenic (in 
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inorganic form, iAs) and its interaction with N and phosphorus (P) availability and 

consequent effects on ecosystem function. 

 In contrast to its relative absence in ecological stoichiometry literature, iAs has 

received attention in mass media because it contaminates the food and water supply of 

more than 200 million people via mining waste, residual pesticides, oil extraction and 

spills, and natural sources like geothermal activity (Naujokas et al., 2013). Arsenic is 

linked to skin, lung, bladder, kidney, and liver cancer in humans (Naujokas et al., 

2013). In addition, iAs is associated with skin lesions, developmental disorders, 

neurological symptoms, lung and cardiovascular disease, and immunological and 

endocrine effects (Naujokas et al., 2013; Ravenscroft et al., 2009). Arsenic is found at 

concentrations above US EPA's limit (10ppb) for drinking water in ~10% of US 

groundwater (Welch et al., 2000b) and is listed first on the Agency for Toxic 

Substances and Disease Registry’s (ATSDR) priority list, which ranks hazardous 

substances based on potential for human exposure (ubiquity) and toxicity (Naujokas et 

al., 2013). The iAs cycle is immensely complicated (Oremland and Stolz, 2003; Stolz 

et al., 2006) and only with a better understanding of the drivers of iAs movement 

through the environment can we hope to address this global health issue.  

Elevated iAs can alter the function of ecosystems by affecting the cycling of P 

(15, 16). Phosphate (PO43-), basically the only form of P in the environment, shares the 

same chemical structure (i.e. stereochemistry) as arsenate (AsO43- or As(V), Fig. 3.1), 

which is the most common form of iAs in oxygenated environments (Button et al., 

1973; Schaller et al., 2010). Consequently, iAs can be taken into bacterial, algal, and 

animal cells in place of P and decouple oxidative- and photo-phosphorylation, with 
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negative consequences for energy storage and production (Crane and Lipmann, 1953; 

Finnegan and Chen, 2012; Sharma and Sohn, 2009; Taleshi et al., 2008) and in 

extreme cases, causing cell death (Quoc Tuan et al., 2008). The toxic effects of iAs are 

greater when availability of P is low relative to iAs (Rodriguez Castro et al., 2015; 

Wang et al., 2013) and in particular when total P is less than ~50 µg/L, as is the case 

in a majority of freshwaters (Binkley et al., 2004; Díaz Villanueva et al., 2000; Hall et 

al., 2013). 

Table 3.1: Background information on our field study sites in Ecuador. 

 

Stream Geothermal? N:P As bkgd Temp pH
Molar ug L-1 C

Jamanco Up No 20.6 0 9.5 8.4
Jamanco Down Yes 44.3 133.6 11.6 7.7
El Tambo Trib No 46.5 0 10.6 8.0
El Tambo Main '15 Yes 10.7 280.56 10.6 8.4
El Tambo Main '16 Yes 2.5 323 10.9 8.1
Oyacachi Up No 17.5 1 10.9 8.2
Oyacachi Down Yes 15.0 100 11.9 8.3
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Figure 3.1: Arsenate and phosphate share the same stereochemistry (A). Panel B 
shows normal phosphorylation during ATP formation. When arsenate displaces 
phosphate during phosphorylation (ATP formation), ADP-As is formed, which does 
not function like ATP, so cell function is hindered (C). 
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 Like iAs and P, the cycles of N and P are intimately linked (Cross et al., 2005; 

Sterner and Elser, 2002). Ecosystem processes are often limited by N, P, or both and 

the use of the non-limiting element can be linked to the availability of the limiting 

element (e.g. if P is limiting, more N will be used if P is supplemented; Schade et al 

2011, Tromboni et al 2018, Piper et al 2017). By extension, it follows that the iAs 

cycle should be linked to the N cycle because it 'mimics' phosphate. Therefore, 

because P-limitation depends on relative N-availability, (Tessier and Raynal, 2003; 

Vitousek et al., 2010) relative N availability may explain why previous studies have 

not satisfactorily resolved how the P and iAs cycles interact (Hoellein et al., 2012; 

Lottig et al., 2007; Pringle and Triska, 1991). We hypothesize that biofilm iAs uptake 

will be greater when N:P availability is higher because iAs uptake is greater when P is 

limiting and relative N availability drives P-limitation.  

 In this study we use a stoichiometric framework to investigate the effects of 

N:P on iAs cycling by microbial biofilms, assemblages of algae, bacteria and fungi 

growing on stream substrates. In streams that are well oxygenated, AsO43- is the 

predominant chemical form of iAs. The redox conditions, the well-established 

methods for estimating elemental uptake in streams, and the body of literature on N 

and P dynamics in streams make them an ideal system to test linkages between N, P 

and iAs. We conducted a series of field and lab experiments measuring iAs, N, and P 

uptake in iAs contaminated and uncontaminated streams, and across a range of N:P 

availability. We used geothermal springs in Ecuador as a natural source of iAs in the 

field. Because geothermal inputs differ in their physico-chemical composition from 

non-geothermal streams, we also tested the importance of N:P in driving iAs uptake in 
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a controlled lab setting with a fully factorial experimental design of +/- iAs and 

high/low N:P. We measured uptake by placing biofilm-colonized rocks (field) or tiles 

(lab) in small chambers with no added nutrients (controls), +N, +P or +N&P. This 

experimental setup tests a previously unexplored mechanism that has the potential to 

play a major role in the global iAs cycle.  

 

2.3 Results 

We found strong evidence that N:P drives biofilm iAs uptake: 1) iAs uptake 

was higher when N:P was higher, 2) P addition suppressed iAs uptake, and 3) 

Chlorophyll, an indicator of algal biomass, was negatively impacted by high N:P in 

treatments with iAs. 
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Figure 3.2:  Results from iAs and P chamber uptake experiments conducted in the 
field in streams with 4 background N:Ps, each with three replicates of each Uptake 
Treatment (x-axes). A. Total As uptake rates showing increased uptake in high N:P 
streams except in treatments with added P (lm F=20.417,34, p=4.7e-13). B. Total P 
uptake rates. Both N:P and uptake treatment significantly affected P uptake rate (lm 
F=5.517,34, p=1.3e-05). We do not have a control from the N:P=10.7 stream or a +NO3- 
treatment from the N:P=7.4 stream. Error bars are SE. 
 
 First, iAs uptake increased with increasing stream water N:P in both the field 

(lm ANOVA F=39.53,34, p<<0.0001; Fig. 3.2A, Table S1), and the lab (lmer ANOVA, 

F=27.21,16, p<<0.0001; Fig. 3.3A, Table S2), indicating iAs uptake is stimulated when 

P is limited relative to N. Uptake treatment (control, +N, +P or +N&P) also had a 

significant effect on iAs uptake in both the field (lm ANOVA F=29.14,34, p<<0.0001) 

and the lab (lmer ANOVA F=18.91,16, p<<0.0001; Fig. 3.3A, Table S2). In the high 

N:P stream in the field, adding nitrogen alone (either NO3- or NH4+) stimulated iAs 

uptake rates relative to the controls (Fig. 3.2A, Table S1). Adding NH4+ in the lab did 

not have the same effect, although this was likely because N was not added at a high 

enough concentration to maintain or cause P limitation via N enrichment (lmer 

ANOVA, t=0.08, p=0.9; Fig. 3.3A, Table S1).  
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Figure 3.3:  iAsV (A) and SRP (B) uptake rates from the lab, where biofilms were 
grown in recirculating channels with iAs and either high or low N:P. As(V) uptake 
was higher in treatments with high N:P and P addition suppressed iAs uptake (A). P 
uptake was not significantly affected by N:P or uptake treatment (B). Error bars are 
SE. 
 
 We compared linear regression models with N:P as a predictor to models with 

P alone as a predictor, and models with N:P had lower AIC scores in both the field (lm 

ANOVA AICN:P=-14.9, AICP=56.5) and the lab (lmer ANOVA AICN:P=24.1, 

AICP=53.8). In the lab experiment, P was similar enough across the growth treatments 

that P alone was not a significant predictor of iAs uptake (lmer ANOVA F=0.461,3, 

p=0.5).  

 Second, uptake treatments with added P had lower iAs uptake than treatments 

without added P in both the field (in streams with NP>11, Table S1) and the lab (lmer 
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ANOVA, t=-3.1, p<0.007, +NP: lmer ANOVA, t=-2.9, p<0.012), indicating that 

alleviating P limitation decreases iAs uptake. In the lab, P addition resulted in a net 

negative As(V) uptake (i.e. As(V) release).  

 Third, biofilm chlorophyll (from tiles) was negatively correlated with N:P in 

treatments with iAs, and was positively correlated in treatments without iAs (lab 

experiment). Chlorophyll development was lower in treatments with iAs (lmer 

ANOVA t=-5.61,48, p<<.0001). Due to rapid biofilm growth and subsequent nutrient 

uptake, NH4+ became depleted around halfway through the experiment to the point 

that there was no difference in N:P between the high N:P and low N:P treatments, with 

or without iAs. We continued adding NH4+ at an increased rate, but because of the 

depletion, we analyzed the interactive effects of iAs and N:P on chlorophyll for the 

first and second half of the experiments separately. The depletion in NH4+ offered a 

unique opportunity to examine the effect of changing NH4+ on chlorophyll. In 

treatments without iAs, chlorophyll increased throughout the experiment. In 

treatments with iAs, chlorophyll increased throughout time when NH4+ was low (low 

N:P) but increasing NH4+ had a negative effect on chlorophyll throughout time (Fig. 

3.4).  
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Fig. 3.4: A. Chlorophyll (in units of minimum fluorescence yield (F)) over time with 
SE bars. Arrows point to sampling dates where NH4+ was depleted and the negative 
effects of high N:P on chlorophyll could no longer be seen. -iAs treatments with high 
N:P had higher or similar chlorophyll to biofilms growth with low N:P. +iAs 
treatments with high N:P had lower chlorophyll than treatments given low N:P except 
when the N:P treatment was not maintained. B. Modeled predictions of chlorophyll 
(background color gradient) using emmips from linear mixed effects models with +/- 
As, NH4+ and date as predictors and channel as a random effect with actual data 
plotted with circles. Circle fill represents actual chlorophyll concentration (when the 
circles are the same color as the background, they are well predicted by the model). 
These predictions are based on limited data, and regions without many actual data 
points are extrapolated. We chose to represent NH4+ instead of N:P because NH4+ 
most directly represents the importance of changing N throughout the experiment and 
P was consistently low. C. Modeled predictions of chlorophyll F0 (in minimum 
fluorescence units) from linear mixed effects models using emmeans. Collectively, 
these plots show that chlorophyll was higher in treatments with no iAs, that high N:P 
had a positive effect on chlorophyll in treatments without iAs and that high N:P had a 
negative effect on chlorophyll in treatments with iAs.  
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P uptake 

 Because PO43- and AsO43- share the same stereochemistry, we expected the 

uptake estimates for P and iAs to be similar (increasing with higher N:P). Similar to its 

effect on iAs uptake, uptake treatment (control, +N, +P or +N&P) significantly 

affected P uptake in the field (lm ANOVA F=4.74,34, p<0.004; Fig 3.2B), although not 

in the laboratory (lmer ANOVA F=1.53,16, p=0.25; Fig. 3.3B; Table S1). Except for 

the lowest N:P field stream, P uptake was significantly higher in streams with high 

N:P than low N:P in the field (lm ANOVA F=18.53,34, p<<0.0001; Fig. 3.2B) but not 

in the laboratory (lmer ANOVA F=3.91,16, p=0.065; Fig. 3.3B, Table S1). There was 

not a significant interactive effect of stream N:P and treatment on P uptake in either 

the field (lm ANOVA F=1.8610,34, p=0.09) or the laboratory (lmer ANOVA F=2.83,16, 

p=0.07).  

 

2.4 Discussion  

 In our series of field experiments, where we measured As, N, and P uptake in 

chambers across a range of N:Ps in geothermal (+As) and non-geothermal (-As) 

streams, we found that iAs uptake increased with increasing N:P. In the low N:P 

streams, addition of low levels of N did not stimulate iAs uptake relative to the 

controls, suggesting N addition must be high enough to stimulate P limitation and 

therefore iAs and P uptake.  

 We also tested the importance of N:P in driving iAs uptake in a controlled lab 

setting. Results from the lab experiment further corroborated our novel finding that 

high N:P leads to increased iAs uptake. Not surprisingly, addition of P during both 
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field and lab uptake experiments suppressed iAs uptake, which supports previous 

studies that found that iAs uptake depends on P limitation (Rodriguez Castro et al., 

2015; Wang et al., 2013). 

 We initially expected P uptake dynamics to be similar to iAs uptake dynamics 

because the mechanism of iAs uptake depends on similarities in iAs and P shape. This 

was true as in cases where P was sufficiently high to detect differences in P uptake. In 

cases were P was very limited, the P available to be taken up was too low to detect 

major differences.  

 Chlorophyll development was inhibited in the lab in treatments with iAs. This 

supports previous studies, which found that even relatively low concentrations of iAs 

can affect the function, quantity and quality of biofilms (Tuulaikhuu et al., 2015) and 

lead to food web bioaccumulation (Foust et al., 2016). Chlorophyll development in the 

lab was greater in high N:P treatments relative to their low N:P counterparts in 

channels without iAs.  

 In the +iAs high N:P treatments, depletion of NH4+ during the experiment 

diminished the differences in chlorophyll between high and low N:P treatments. In 

other words, when the high N:P nutrient treatment was not maintained, biofilms in the 

'high N:P' treatment were not in a strong state of P limitation. As a result, iAs uptake 

and suppression of biofilm activity was not stimulated. Therefore, we analyzed the 

first and second half of the experiment separately with a break when the major NH4+ 

depletion occurred. We found that chlorophyll was negatively affected by high N:P 

relative to low N:P in the +As treatments. This makes sense given our prediction that 
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high N:P treatments take up more iAs, which compromises function. We take this as 

further support for our conclusion that high N:P drives iAs uptake.   

 In the field experiment, far more iAs was taken up into microbial biofilms in 

streams with high N:P. This put organisms in high N:P streams that feed on microbial 

biofilms at greater risk of iAs contamination. In the lab, only the high N:P treatments 

with no added P during the uptake experiment had net positive iAs uptake. In the 

treatments experiencing a net release of iAs (low N:P or +P), more iAs is released 

back into the stream to be transported further downstream.  

 P transport systems are highly conserved across kingdoms (Bøttger and 

Pedersen, 2005), and high iAs concentrations occur in both human influenced and 

natural systems. Therefore, we expect iAs uptake to be mediated by N:P across a 

variety of systems, from freshwater to agricultural. Globally, iAs contamination 

affects more than 200 million people's food and water supplies. Our study shows that 

iAs uptake appears to be driven by relative N:P, not just P concentration alone, so 

careful consideration should be given to nutrient ratios in agricultural systems where 

there is iAs contamination. Around 10% of US streams are above the EPA's drinking 

water limit for iAs contamination (Welch et al., 2000b), and even more water systems 

are affected globally (Naujokas et al., 2013). However, the effect of N and P on iAs 

cycling is not often considered, and to our knowledge the stoichiometric interaction 

between N:P and iAs is a novel discovery and may be an important driver of how 

much iAs is retained in or transported through ecosystems and makes its way into 

human-sustaining crops.   
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 Most management of eutrophication in inland waters is focused on reducing P 

inputs with much less effort put into reducing N (Dodds and Smith, 2016b). This 

drives up N:P with unintended consequences for iAs bioaccumulation and toxicity. 

The background N:P chemistry not only has implications for how much iAs is taken 

up by biofilms, but also likely affects the amount of iAs accumulated by higher trophic 

levels. Furthermore, agricultural systems contaminated by iAs (either from residual 

pesticides, natural occurrence, or fertilization with iAs contaminated water) may have 

higher accumulation of iAs in crops fertilized with high N:P. Finally, these results 

highlight the importance of examining stoichiometric controls on biogeochemical 

cycles and will become more important as the global supply of available P continues 

to dwindle, potentially leading to greater P-limitation (Abelson, 1999; Elser et al., 

2014; Vance, 2001). 

 

2.5 Methods 

2.5.1 Field Sites 

Geothermal activity is ubiquitous in the Ecuadorian Andes, and geothermal 

springs are a natural source of iAs contamination. We took advantage of these natural 

sources of iAs, paired with natural gradients in N and P concentrations. We chose six 

sites comprised of three geothermal streams paired with three non-geothermal streams. 

Two pairs of streams were at elevations of 3800m above sea level (asl) and one pair 

was at 3500m asl. In one case (Quebrada El Tambo), the geothermal and non-

geothermal pair joined within 200m after our sampling sites and the individual 

sampling sites ran through similar environments. We sampled El Tambo both in 2015 
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and 2016. In the other streams (Quebrada Jamanco, Río Oyacachi), the pairs consisted 

of a sampling reach upstream from a geothermal input, and another sampling point 

below the geothermal input. Temperatures, pH, and DO in the paired sites were 

similar (Table 1). AsO43-, which shares the same stereochemistry as PO43-, is the most 

common form of iAs in oxygenated freshwaters and was the predominant species in 

all of our sites. 

 

2.5.2 Field Uptake Experiments 

To measure the uptake of iAs in our field sites, we conducted a series of 

chamber uptake experiments following traditional methods (Steinman and Duhamel, 

2017). Briefly, we selected rocks of similar and representative size with colonized 

biofilms (assemblages of bacteria, algae, and fungi) from each stream, placed each 

rock in a 14.5x14.5 cm plastic chamber and immersed in one of five nutrient 

treatments. The five nutrient treatments included three replicate chambers each of +20 

µg L-1 P in the form of KH2PO4 and K2HPO4 (balanced to maintain neutral pH; 

Chapter 1), +25 µg L-1 N-KNO3, +20 µg L-2 N-NH4Cl, +N and P combined, and 

controls (no nutrients added). Using the same procedure, we also incubated rocks after 

removing the biofilms using toothbrushes to measure iAs and P sorption in treatments 

with and without P addition. All chambers were fitted with clear lids to allow light and 

block debris and placed in the stream during the incubation to maintain ambient 

temperature. 
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2.5.3 Nutrient analysis-Field Experiment 

 To measure the change in As, N, and P concentration over time, we sampled 

the water that was placed into the plastic chambers at the beginning of the experiment, 

and after 1-1.5 hours. We filtered all samples through 0.45 µm nitrile membrane filters 

to remove particles and kept them cool and in the dark. We describe the analytical 

methods in the Supplemental Information.  

 We calculated As, N, and P uptake rates as the natural log of the change in 

concentration × volume × background concentration × time-1 × mass of organic 

matter-1 (Fellows et al., 2006; Steinman and Duhamel, 2017). To correct for sorption, 

we first calculated change in concentration × volume × background concentration × 

time-1 then subtracted the sorption value of the respective treatment (+P or -P) from 

the main chamber value, then divided by the mass of organic matter.  

𝑈e =
ln	(∆𝐶)
∆𝑇𝑖𝑚𝑒 × 𝑉𝑜𝑙𝑢𝑚𝑒 × 𝐶]^_`  

 

where Ui is the initial uptake rate (not corrected for biomass), ∆𝐶 is the change in 

concentration, and Cbkgd is the stream background concentration. We corrected for P 

and iAs sorption in the P and iAs uptake calculations, and lastly divided by biomass to 

calculate biomass corrected uptake.  

𝑈Sz =
𝑈e>z{,%].+ − 𝑈e>S)+#-e)d
𝑚𝑎𝑠𝑠	𝑜𝑓	𝑜𝑟𝑔𝑎𝑛𝑖𝑐	𝑚𝑎𝑡𝑡𝑒𝑟 

Usc is sorption and biomass corrected uptake, Ui-chamber is the total uptake for each 

chamber and Ui-sorption is the uptake for the pre-scraped chambers with pre-scraped 

rocks (no biomass).   
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2.5.4 Biofilm Processing-field 

After each chamber uptake experiment, we scraped the biofilms and processed 

them for ash-free dry mass (AFDM) and chlorophyll a. We estimated AFDM by 

placing a subsample onto a Glass Fiber Filter (GF/F, Whatman, pore size=0.7µm), and 

weighing before and after combustion in a muffle furnace for 2 hours at 500C. We 

measured chlorophyll a concentrations by filtering aliquots of scraped biofilm onto 

Whatman Glass Fiber Filters (pore size=0.7µm) and extracting for 12-24 hours in 90% 

EtOH buffered with 3 drops saturated MgCO3 solution per 1L EtOH. We read samples 

on a handheld Turner Designs Aquafluor, acidified with 0.1 N HCl, and read again 

after exactly 90 seconds to correct for phaeophytin.  

 

2.5.5 Lab Experiments 

Geothermal streams are not only a source of iAs, but also differ in other 

physical and chemical characteristics from non-geothermal streams. Therefore, we 

conducted a series of uptake experiments in the lab to isolate the effects of N:P on iAs 

cycling. At the Universitat de Girona, Catalunya, Spain, we used 12 indoor, 

recirculating mesocosms, each with 90 L holding tanks connected to a long channel 

with 10 7x7cm tiles for biofilm colonization. The mesocosms were in a climate 

controlled experimental room with the temperature held constant at 20C. On days 0 

and 4 we collected biofilms from a tributary of the nearby Riera de Llémena (31N, 

478793.790306E, 4648767.493114N). We homogenized the biofilms and used them 

to inoculate each channel. We set channels to recirculate at 2.75 L min-1. We added 
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iAs in the form of Na2HAsO43 ·7H2O to half of the channels with a target 

concentration of 200 µg L-1 (to match the concentration of the streams in our field 

experiments). We crossed the +/- iAs treatments with a low N:P (+20 µg L-1 N-

NH4Cl,  +14 µg L-1 P-KH2PO4, N:P=5) and a high N:P treatment (+100 µg L-1 N- 

NH4Cl, +14 µg L-1 P-KH2PO4, N:P=25).   

 We conducted the uptake experiments in the lab using the same protocol as in 

the field, where pairs of tiles were submersed in 1L of each nutrient treatment (+N, 

+P, +N&P, and control) with three replicate pairs for each treatment. Each uptake 

chamber contained a small aquarium pump (Band Ehem Universal 300) to recirculate 

the water during incubation. We collected water at four time points (0, ~45, ~90, and 

~150 minutes) and filtered through a 0.45 µm pore size nitrile membrane filter for 

NH4+, ICP iAs and P, and SRP and iAs speciation analysis.  

 

2.5.6 Nutrient analysis-Lab Experiments 

 We kept water samples on ice and in the dark. Analysis details are described in 

the supplemental information. Briefly, for P and iAs, we analyzed samples both on an 

ICP (as in the field) and using a spectrophotometric method that gives iAs speciation 

(including TAs and As(V); 53, 54). Uptake rate was calculated the same as in the field 

experiments. 

 

2.5.7 Chlorophyll-Lab Experiments 

We started with sandblasted, acid washed glass tiles and the innoculate from 

Riera de Llémena to characterize the growth of the biofilm in the four treatments. 
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Twice weekly, we selected two tiles from each channel (to minimize disturbance) and 

measured their photosynthetic activity using a Phyto-PAM (pulse amplitude 

modulated) fluorometer (Heinz Walz, Effeltrich, Germany). We turned off the lights 

30-45 minutes before reading to allow the algae to adapt to the dark before measuring 

their photosynthetic activity. Measuring fluorescence of dark-adapted algae subject to 

low intensity light provides an estimate of biomass (Corcoll et al., 2012). We analyzed 

biofilm AFDM using the same method as in the field. 

 

2.5.8 Statistical Analysis 

 For the field experiment, we used linear models with background N:P and 

Uptake Treatment (control, +N, +P or +NP on day of uptake) as interactive effects to 

predict iAs and P uptake. We used max/min normalization to normalize the uptake 

data. 

 For the lab data, we used linear mixed effects models (lme4 version 1.1-20) 

with background N:P and Uptake Treatment as interactive effects and Channel as a 

random effect to predict iAs and P uptake. We used max/min normalization to 

normalize the uptake data. 

 In the lab experiment, we used linear mixed effects models to test the effects of 

treatment and NH4+ on chlorophyll (measured using PAM) over time. We scaled data 

using the scale function in R. Treatment (+As high N:P, -As high N:P, +As low N:P 

and -As low N:P), time (Julian date), and NH4+ at the date of the chlorophyll 

measurement (or closest to) were treated as fixed effects, and chamber numbers were 

treated as random effects. Despite adding nutrients regularly throughout the 
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experiment to maintain our nutrient (high and low N:P) treatments, biofilm NH4+ 

uptake was faster than our additions and NH4+ became depleted halfway through the 

experiment. Therefore, we included the interactive effects of NH4+ and treatment in 

our models. A significant interaction between treatment and NH4+ indicated that they 

were interdependent (ANOVA, p=0.01). Because the changing NH4+ dynamics 

created non-linear response in chlorophyll, we analyzed the first and second half of the 

experiment separately and fit models using emmeans and emmips from the linear 

mixed effects models (Lenth et al., 2018). 

 We used Excel for data management and R (version 3.5.2 (2018-12-20) 

"Eggshell Igloo") for all analyses. 
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Supplementary Information for 
 
P, N, As: Relative Concentrations of Phosphorus and Nitrogen Drive 
Arsenic Uptake 
 
Extended Results. We found a wide range of iAs uptake in the field (from -235 (net 

release) to 3969 µg iAs × (g organic matter × hr)-1). In the field, P uptake ranged from 

-73 to 226 µg P × (g organic matter hr)-1.   

 
 We compared iAs and P concentrations analyzed using Inductively Coupled 

Plasma Optical Emission Spectrometry (hereafter ICP; same technique as in the field) 

and an adaptation of the molybdate blue method that gives iAs speciation and SRP 

(Carvalho et al., 1998; Hu et al., 2012; Strickland and Parsons, 1970). Total iAs 

uptake estimates from the lab experiment ranged from -137 to 348 µg TAs × (g 

organic matter × hr)-1 when concentration was analyzed on an ICP.  Values were 

comparable to TAs uptake estimates when TAs was analyzed using the molybdate 

blue method, which ranged from -144 to 356 µg TAs × (g organic matter × hr)-1. 

As(V) (or AsO43-, the oxidized form, analyzed using the molybdate blue method) 

uptake estimates ranged from -477 to 680 µg AsV × (g organic matter × hr)-1. A 

majority of the TAs remained as As(V) and the TAs uptake results mirrored the As(V) 

uptake results (Fig. S1). In the text, we primarily report As(V) results to best represent 

the mechanism we are testing (that drivers of PO43- cycling also drive AsO43- cycling). 

Total P uptake estimates in the lab ranged from 0.33 to 431 µg TP × (g organic matter 

× hr)-1 when concentrations were analyzed on an ICP. SRP uptake measured using the 

molybdate blue method ranged from -26 to 212 µg SRP × (g organic matter × hr)-1.  
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Biofilm Characteristics 

 Aside from the chlorophyll results from the lab described in the main paper 

and in the "Lab Experiment" section below, there were no other significant patterns in 

AFDM or chlorophyll of the biofilms used in the uptake experiments.  

 Field Experiment:  Inorganic matter from biofilms in the field ranged from 

1.4e-07 to 112 mg cm-2 and organic matter ranged from 0.04 to 22.2 mg cm-2. Of the 

field sites, El Tambo Trib (non-geothermal/no As) had the highest organic matter, 

followed by Oyacachi Termas and El Tambo Main (both geothermal/+As), then 

Oyacachi sin Termas (non-geothermal/no As) and the paired Jamanco sites had the 

least organic matter. AFDM was not significantly different between paired geothermal 

and non-geothermal sites (lmer ANOVA; F=2.571,105, p=0.11). Chlorophyll-a was also 

not significantly different between paired sites (lmer ANOVA; F=0.251,89, p=0.62).  

 Lab Experiment:  Inorganic matter from biofilms grown in the lab ranged from 

5.1 to 22.7mg cm-2 and organic matter ranged from 3.7 to 10.7 mg cm-2. There were 

no significant differences in organic matter between growth regimes in the lab 

experiment (lm HSD F=1.023,44, p=0.39). Biofilm chlorophyll in treatments with and 

without iAs (+/- iAs) was influenced by the N:P of the channels in which they were 

grown and the presence/absence of iAs. On chlorophyll development throughout the 

experiment, there was a significant effect of +/- iAs (lmer ANOVA, F=59.21,18, 

P<0.0001), NH4+ (lmer ANOVA, F=9.961,61, p=0.002), and Julian date (lmer 

ANOVA, F=1341,74, P<0.0001). There were also significant interactions between +/- 

iAs and date (lmer, interaction effect, F=19.11,74, P<0.0001) and between NH4+ and 

Julian date (lmer, interaction effect, F=7.21,73, P=0.009). 
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Fig. S1: iAs uptake rates from lab experiments with iAs analyzed using two different 
methods, the molybdate blue method which gives AsV (A) and TAs (B) and the ICP 
method, which gives TAs (C). Results were similar across the three methods.  
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Fig. S2. P uptake rates, analyzed using ICP and Mb-blue, including channels without 
iAs (blue and green). iAs and ICP-P uptake dynamics in treatments with iAs were 
similar except in the controls in the +As treatments (iAs uptake rate was higher in the 
high N:P treatment, P uptake rate was lower in the high N:P treatment). However, this 
is likely due to depletion of P in the high N:P treatment limiting P uptake.  
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Table S1. Linear model outputs from iAs and P field uptake experiments   
 
  

3/7/2019 localhost:26743/session/file4df1afc37c1.html

http://localhost:26743/session/file4df1afc37c1.html 1/1

  TAsU, ICP TP, ICP
Predictors Estimates CI p Estimates CI p

(Intercept) -1.38 -1.59 – -1.16 <0.001 -0.28 -0.52 – -0.03 0.035

as factor(NP)10.7 -0.15 -0.46 – 0.15 0.336 -0.24 -0.59 – 0.10 0.178

as factor(NP)15 -0.02 -0.36 – 0.33 0.926 -0.54 -0.93 – -0.15 0.010

as factor(NP)44.3 0.27 -0.07 – 0.62 0.132 -0.45 -0.84 – -0.06 0.031

NH 4 -0.42 -0.73 – -0.11 0.011 -0.63 -0.98 – -0.29 0.001

NO 3 0.65 0.31 – 1.00 0.001 -0.21 -0.60 – 0.18 0.298

NP -0.45 -0.76 – -0.14 0.007 -0.76 -1.11 – -0.41 <0.001

P -0.50 -0.81 – -0.19 0.003 -0.67 -1.02 – -0.32 0.001

as.factor(NP)10.7:TrtmtNH4 0.10 -0.34 – 0.53 0.669 -0.37 -0.87 – 0.12 0.145

as.factor(NP)15:TrtmtNH4 0.41 -0.06 – 0.87 0.094 0.49 -0.04 – 1.01 0.077

as.factor(NP)44.3:TrtmtNH4 1.21 0.75 – 1.67 <0.001 0.46 -0.06 – 0.98 0.091

as.factor(NP)10.7:TrtmtNO3 -0.98 -1.53 – -0.42 0.002 -0.96 -1.58 – -0.33 0.005

as.factor(NP)15:TrtmtNO3 -0.75 -1.24 – -0.27 0.005 0.11 -0.44 – 0.66 0.687

as.factor(NP)10.7:TrtmtNP 0.03 -0.40 – 0.47 0.889 0.07 -0.42 – 0.56 0.790

as.factor(NP)15:TrtmtNP -0.06 -0.52 – 0.41 0.812 0.56 0.04 – 1.08 0.042

as.factor(NP)44.3:TrtmtNP -0.49 -0.95 – -0.03 0.045 0.51 -0.01 – 1.03 0.064

as.factor(NP)15:TrtmtP -0.02 -0.48 – 0.44 0.926 0.49 -0.03 – 1.01 0.076

as.factor(NP)44.3:TrtmtP -0.17 -0.63 – 0.29 0.482 0.45 -0.08 – 0.97 0.104

Observations 52 52

R2 / adjusted R2 0.911 / 0.866 0.733 / 0.599
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Table S2. Linear mixed effects model outputs from lab iAs uptake experiments (R 
package lme4 version 1.1-20) 
 
  

3/7/2019 localhost:26743/session/file4df5b9af7b3.html

http://localhost:26743/session/file4df5b9af7b3.html 1/1

  AsV U, Mb-blue TAs U, Mb-blue TAs U, ICP
Predictors Estimates CI p Estimates CI p Estimates CI p

(Intercept) -0.09 -0.45 – 0.28 0.638 -0.16 -0.65 – 0.32 0.516 -0.37 -0.72 – -0.03 0.051

As Low NP -0.58 -1.09 – -0.06 0.044 -0.62 -1.31 – 0.06 0.092 -0.32 -0.81 – 0.17 0.217

N -0.12 -0.64 – 0.40 0.656 -0.06 -0.74 – 0.62 0.864 0.01 -0.47 – 0.49 0.965

NP -0.78 -1.29 – -0.26 0.010 -0.75 -1.44 – -0.07 0.046 -1.01 -1.49 – -0.53 0.001

P -0.84 -1.36 – -0.33 0.006 -1.10 -1.79 – -0.42 0.006 -0.76 -1.24 – -0.28 0.009

GrowthAsLowNP:TreatmentN 0.19 -0.54 – 0.92 0.623 0.35 -0.62 – 1.32 0.489 -0.08 -0.76 – 0.60 0.813

GrowthAsLowNP:TreatmentNP -0.58 -1.31 – 0.15 0.137 0.26 -0.71 – 1.22 0.611 -0.42 -1.10 – 0.26 0.251

GrowthAsLowNP:TreatmentP -0.18 -0.91 – 0.55 0.637 0.44 -0.52 – 1.41 0.382 -0.46 -1.14 – 0.22 0.207

Random Effects
σ

2 0.10 0.18 0.09

τ00 0.00 Chamber 0.00 Chamber 0.00 Chamber

ICC 0.00 Chamber 0.00 Chamber 0.05 Chamber

Observations 24 24 24

Marginal R
2
 / Conditional R

2 NA NA 0.814 / 0.822
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Table S3. Linear mixed effects model outputs from lab P uptake experiments   
 
  

3/7/2019 localhost:26743/session/file4df7cef1caf.html

http://localhost:26743/session/file4df7cef1caf.html 1/1

  SRP U, Mb-blue TP U, ICP
Predictors Estimates CI p Estimates CI p

(Intercept) -0.56 -1.01 – -0.12 0.024 -1.31 -1.82 – -0.80 0.001

As Low NP 0.13 -0.50 – 0.76 0.684 0.96 0.23 – 1.68 0.029

N 0.26 -0.37 – 0.89 0.427 0.70 0.19 – 1.21 0.020

NP 0.19 -0.44 – 0.82 0.559 0.16 -0.35 – 0.68 0.539

P 0.20 -0.43 – 0.83 0.545 0.55 0.04 – 1.06 0.055

GrowthAsLowNP:TreatmentN -1.23 -2.12 – -0.34 0.015 -1.96 -2.68 – -1.24 <0.001

GrowthAsLowNP:TreatmentNP -0.22 -1.11 – 0.67 0.636 -0.88 -1.60 – -0.15 0.035

GrowthAsLowNP:TreatmentP -0.35 -1.24 – 0.54 0.448 -1.16 -1.88 – -0.43 0.009

Random Effects
σ

2 0.15 0.10

τ00 0.00 Chamber 0.10 Chamber

ICC 0.00 Chamber 0.50 Chamber

Observations 24 24

Marginal R
2
 / Conditional R

2 NA 0.417 / 0.711
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4.1 Abstract: 
 

Inorganic arsenic (iAs) is one of the most prevalent environmental human 

health concerns and is found above the EPA’s recommended drinking water limit in 

~10% of US streams. Biogeochemical cycling through stream food webs can play an 

important role in the immobilization versus downstream transfer of elements. Arsenate 

shares the same shape as phosphate and can therefore be taken into animal or plant 

cells in place of phosphorus (P), hindering energy storage and release. Therefore, 

anything controlling P cycling (e.g. relative concentration of nitrogen (N)) likely also 

influences iAs cycling. Here, we tested if the relative N:P of a stream drives the 

amount of iAs retained in stream food webs. We found that N:P drives retention of iAs 

in epilithon and fine benthic organic matter but not seston. We found evidence that the 

body and excretion stoichiometry of grazers reflects the increased retention by 

microbial compartments of iAs in high N:P streams, but not other invertebrates. Our 

results show that N:P is an important factor driving iAs retention, but only in some 

trophic pathways.  

 
4.2 Introduction:  

Toxic elements can play an important role in shaping ecosystems, and like 

most elements, their cycles are strongly linked to the cycles of both common and trace 

elements (Ryther and Dunstan, 1971; Schindler, 1971; Schlesinger et al., 2011). 

Ecological stoichiometry (how the relative availability of and organismal demand for 

ecologically important elements drive elemental flux, storage and metabolism within 

and between organisms and their environments) is an important framework for 

examining linkages between biogeochemical cycles (Elser et al., 2007; Elser and 
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Kuang, 2002; Frost et al., 2005a, 2005b; Frost and Elser, 2002; Hillebrand et al., 2008; 

Sterner and Elser, 2002). For example, non-essential cadmium can substitute for 

essential zinc in marine diatoms, stimulating growth in zinc-limited communities 

(Price and Morel, 1990). Despite their importance, the cycles of even well-studied 

trace elements are usually not explicitly linked with the cycling of other major 

elements,(Boening, 2000; Schaller et al., 2010; Sterner and Elser, 2002; Walters et al., 

2015). This study integrates inorganic arsenic (iAs), a toxic trace element, into the 

study of stoichiometry in stream ecosystems to assess how relative nitrogen (N) and 

phosphorus (P) concentrations drive ecosystem processes towards retention or 

transport of iAs.   

 The trace element iAs has been in the limelight throughout human history for 

its use as a poison, pesticide, military weapon, its role in Napolean Bonaparte's death 

and murder mysteries, and its natural or anthropogenic contamination of more than 

200 million people's food and water supplies (Mandal and Suzuki, 2002; Naidu et al., 

2006). Arsenic is released from the earth by chemical and physical weathering 

(Naujokas et al., 2013; Welch and Stollenwerk, 2003). In addition to the direct toxic 

effects of iAs on humans, even mildly elevated iAs can have detrimental effects on 

ecosystems and can alter the structure and function of communities (Eisler, 1994). For 

example, iAs from mine tailings decreases stream invertebrate abundance and 

diversity (Beltman et al., 1999a; Chaffin et al., 2005; Valenti et al., 2005). While iAs 

bioaccumulates, it does not biomagnify like some toxins because organisms can 

eliminate iAs through mineralization and excretion (Chen and Folt, 2000; Culioli et 

al., 2009b, 2009a). Because of the elimination mechanisms, iAs concentrations 
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decrease with increasing trophic level (Chen and Folt, 2000; Culioli et al., 2009b, 

2009a; Mason et al., 2000). However, iAs is still retained in the food web, and any 

mechanism that causes an increase of iAs in a resource, (e.g. increased microbial iAs 

uptake), should also increase iAs in higher trophic levels (DeForest et al., 2007; 

McGeer et al., 2003; Rahman et al., 2012). 

The organisms comprising the food web (Woodward and Hildrew, 2002), their 

nutritional and metabolic demands  (Elser et al., 2007; Frost et al., 2005a; Frost and 

Elser, 2002; Sterner and Elser, 2002), feeding habits(Knoll et al., 2009; Vanni et al., 

2013), tissue composition (Hillebrand et al., 2008; McManamay et al., 2011), and their 

interactions with other trophic levels dictate the quantities of elements that are taken 

up and immobilized or retained in the food web versus released for further transport 

downstream (McManamay et al., 2011). For example, invertebrate identity and density 

impact the stoichiometry of the base of the food web (hereafter basal resources) 

through both consumption and nutrient excretion (Knoll et al., 2009). In addition, 

elemental imbalances between resource and consumer can impact both trophic 

interactions and gross transfer efficiencies (Frost et al., 2002), and both food and body 

stoichiometry can affect the stoichiometry of excretion (McManamay et al., 2011; 

Torres and Vanni, 2007). For example, an organism fed a high N:P diet (limited by P) 

should excrete more N than an organism fed a low N:P diet (Hood et al., 2014; Vanni, 

2002). 

iAs can be oxidized, reduced, or methylated in bioenergetic or detoxification 

processes; however, the predominant form of iAs in oxygenated freshwaters and 

freshwater food webs is AsO43- (arsenate) (Caumette et al., 2011; Oremland and Stolz, 
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2003; Qin et al.; Rahman et al., 2012; Rosen et al., 2011; Thomas et al., 2010). One of 

the reasons AsO43- is toxic is that it shares the same chemical structure as PO43-, which 

is essential for all life (Fig. 4.1) (Button et al., 1973; Schaller et al., 2010). 

Consequently, iAs can be taken into bacterial, algal, and animal cells in place of P 

(Finnegan and Chen, 2012). When this happens, it decouples oxidative- and photo-

phosphorylation, hindering energy production (Finnegan and Chen, 2012). Cells are 

more likely to take up iAs when P is limited, and a major factor driving P limitation is 

relative N availability (Schade et al., 2011; Sterner and Elser, 2002). Indeed, in a 

previous study, we showed that uptake of iAs by microbial biofilms (assemblages of 

bacteria, algae, and fungi growing on rocks) take up more iAs when dissolved N:P is 

high than when it is low (Fig. 4.1).  

 We know that ambient dissolved N:Pwater controls the amount of iAs removed 

from the water column by biofilms (Fig. 4.1, Chapter 3). In this study, we tested 

whether natural variation in the relative amounts of N and P (i.e. the ambient dissolved 

N:P) controls the amount of iAs immobilized by transfer through trophic levels and 

retained in the food web versus the amount transported downstream. We evaluated if 

the N:P stoichiometry of a stream food web and the processes associated with trophic 

exchanges control the retention of iAs in geothermal streams, which are naturally rich 

in iAs. To test N:P as a driver of the amount of iAs immobilization and retention in the 

food web, we measured the major elemental pools and trophic processes accounting 

for the fate of iAs. We compared food web compartments and processes across 

streams with varying background N:Pwater to measure the influence of relative N and P 

concentration on pools and processes that affect iAs retention.                        



 

116 

 

 

Figure 4.1: Chemical structures of PO4
3- and AsO4

3- and biofilm iAs uptake rate (TAs U) in 
streams with variable dissolved N:P (K. MacNeill, Chapter 3) 
 
 

We quantified the iAs, N, and P concentrations in stream basal resources to test 

if the elevated iAs uptake rates seen in streams with higher dissolved N:P (Fig. 4.1) 

result in greater iAs concentrations in the basal trophic compartments. We were 

particularly interested in microbial assemblages, including bacteria, algae, and fungi, 

growing on both leaves and rocks and settled on the stream bottom. We expected 

increased dissolved N:Pwater to intensify iAs concentration in microbial assemblages, 

because greater microbial P demand causes more iAs bioaccumulation. We also 

expected that elevated N:Pwater would not affect iAs retention in basal compartments 

not involved with microbial uptake. 

 Our second objective was to test if iAs in higher trophic levels reflects iAs 
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contaminated streams contain iAs (Mason et al., 2000; Mogren et al., 2013) but did 

not examined if the quantity of iAs in invertebrates depends on either resource P or 

relative N:P concentration. We expected invertebrates feeding on resources with 

higher iAs concentrations would have greater iAs concentrations.  

 Our third objective was to test if the relative iAs, N, and P concentrations in 

geothermal streams alter invertebrate P and iAs excretion, thereby influencing 

downstream transport of iAs. We quantified invertebrate excretion of iAs and P. Any 

mechanism for food web iAs elimination increases downstream transport of iAs and 

therefore decreases iAs retention. We expected invertebrate P excretion would be 

greater in iAs-rich geothermal streams than non-geothermal streams because of 

increased iAs elimination and failure of P-transporters to distinguish between iAs and 

P. We also anticipated that invertebrate iAs and P excretion in low N:P geothermal 

streams would be greater than high N:P geothermal streams because invertebrates 

excrete excess P and excrete iAs as a side effect.  

 

4.3 Methods 

4.3.1 Study system and preliminary data: Geothermal activity is ubiquitous in the 

Ecuadorian Andes, resulting in many streams with naturally occurring iAs, mostly in 

the form of AsO43- because the waters are well oxygenated (Bundschuh et al., 2012). 

Concentrations of N and P vary widely across the landscape, including across 

geothermal streams (K. MacNeill, Chapter 3). We have previously worked at sites in 

three high elevation geothermal streams (3200m, 3500m and 3800m) that each have 

non-geothermal counterparts with similar temperature and pH (Table 4.1). The non-
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geothermal counterparts are either upstream of a geothermal input (Jamanco, 

Oyacachi) or parallel to the geothermal stream (El Tambo).  

Table 4.1: Physical characteristics of our study sites. N:P is molar TIN:TP. nm=not measured 

 

The three geothermal streams and their non-geothermal counterparts have 

different N:P stoichiometry that is mostly due to variation in N concentration because 

the streams have consistently low P. The iAs concentrations also differ, however all 

sites are well under the LC50 values (>800 µg/L (EPA, 1980)) for most aquatic life 

(Eisler, 1994) but are relatively higher than P, or have a high iAs:P stoichiometry. Our 

previous research shows that biofilm iAs uptake is greater in streams with higher N:P 

ratios (more P limited; Fig. 4.2), indicating that streams with higher N:P ratios may be 

greater sinks of iAs than lower N:P streams. We attribute this result to the relative N:P 

concentration rather than iAs:P because the iAs and P concentrations were similar 

between geothermal streams while N varied. 

 4.3.2 Data Collection:  We quantified the concentration of iAs, N, and P in 

basal resources, which include the following compartments:  background water, 

seston, fine and course particulate organic matter, and biofilms. We sampled each 

compartment at 4 transects in each reach of each stream (3 geothermal, 3 non-

geothermal, total:  6 sets of 4 transects).   

Stream Year Geothermal? N:P iAs	bkgd Temp	 pH
Molar ug	L-1 C

Jamanco	Up 2016 No 17.4 2.6 11.8 8.4
Jamanco	Down 2016 Yes 15.6 225.8 14.3 7.7
Jamanco	Up 2017 No 31.9 0.0 11.5 nm
Jamanco	Down 2017 Yes 46.6 202.2 14.2 nm
El	Tambo	Trib 2016 No 13.0 1.2 11.4 8
El	Tambo	Main 2016 Yes 11.6 322.6 10.5 8.4
Oyacachi	Up 2016 No 112.5 5.6 10.9 8.2
Oyacachi	Up 2017 No 14.1 0.0 10.5 8.2
Oyacachi	Down 2017 Yes 21.8 113.3 13.3 8.3
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 4.3.2.1 Water chemistry:  We sampled N water chemistry by filtering stream 

water through Whatman™ Glass Fiber Filters (GFFs). We analyzed NH4+ using the 

fluorometric method (Holmes et al., 1999; Taylor et al., 2007) and NO3- using a 

QuickChem FIA 8500 Series (Lachat Instruments, Chicago, IL, USA). We sampled 

total soluble P and iAs water chemistry by filtering stream water through a cellulose 

nitrate filter, acidifying with nitric acid to a pH of 2 and storing the fluid in the dark 

for future analysis using Inductively Coupled Plasma-Optical Emission Spectrometry 

(ICP-OES) at the Cornell Nutrient Analysis Laboratory (CNAL). ICP-OES properly 

distinguishes between total inorganic iAs and total inorganic P (Olesik, 1991) and has 

a low enough detection limit for both iAs and P to analyze subtle differences in 

concentration.  

 4.3.2.2 Seston:  Seston consists of living and dead particles suspended in the 

water column and is an important resource for filter feeding invertebrates (Wallace 

and Webster, 1996). Because seston is a mix of living particles involved in microbial 

uptake and other dead components, we would expect N:P to drive iAs uptake in this 

compartment, but not as strongly as in other compartments that are a greater 

proportion biotic. We collected seston on a GFF from a known water volume (for N 

and mass analyses) and a cellulose nitrate filter for iAs and P analysis. We analyzed N 

on an Elementar vario El III elemental analyzer. We analyzed particulate iAs and P on 

an Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) after heat 

digestion with pure HNO3 and H2O2 using EPA 3050b as a guide but with much 

smaller (although proportional) digestion volumes to remain within detection limits 

with limited biomass.  
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Figure 4.2:  Schematic of iAs transfer through trophic levels in a stream food web, irrespective 
of flow direction. Arrow thickness represents relative concentration of iAs transferred. 1. (A) 
Dissolved elements (B) Seston; 2. Filter feeders; 3. FBOM and biofilms (pooled because 
predictions are the same); 4. Shredders and grazers; 5. Predators; Blue arrows are low N:P 
streams and orange arrows are high N:P streams. The thickness of the arrows between 1 and 2, 
and 3 and 4 depends on the relative portion of biotic material in each compartment. 
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 4.3.2.3 Fine Particulate Organic Matter (FPOM):  FPOM consists of 

degraded plant, other particulate material, and microbial life less than 1mm in size 

(e.g. bacteria and archaea) settled on the bottom of the stream and is important 

resource for detritivores (Allan and Castillo, 2007). The microbial components of 

FPOM are also involved in stream nutrient uptake (Hoellein et al., 2009). Similar to 

seston, FPOM is a mix of live particles involved in microbial uptake and other abiotic 

particles, we would expect N:P to drive iAs uptake in this compartment, but not as 

strongly as in other compartments. We sampled FPOM by placing a hollow cylinder 

(0.16 m2) over 4 randomly selected, representative stream bottom transects in each 

stream, measuring the water depth on the inside of the cylinder, agitating the substrate 

by hand, and collecting a known volume (~1L) of FPOM slurry. After sieving and 

drying, we froze the samples for transport to the US and processed them in the same 

manner as the seston samples. FBOM is a common resource for detritivores. 

 4.3.2.4 Biofilms:  Biofilms are assemblages of bacteria, algae, fungi and other 

organisms adhered to rock surfaces (also known as epilithon) and, along with FPOM, 

are responsible for much of the stream nutrient processing (Hoellein et al., 2009). We 

sampled biofilms by selecting 3 rocks from each of the 4 transects in each stream and 

scraping off the surface into one slurry. We filtered subsamples onto GFFs for mass, 

chlorophyll a content, and N, and onto cellulose nitrate filters for As and P. We 

processed stoichiometry samples as described for seston. Biofilms are a common 

resource for grazers. 
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 We tested stream N:P as a driver of resource iAs content using linear 

regression models with stream elemental (iAs and N:P) availability as predictor 

variables and resource elemental concentrations as response variables.  

 4.3.2.5 Invertebrate body iAs:  To test if iAs in higher trophic levels reflects 

iAs retention in basal resources, we collected invertebrates at 4 transects, ~20 m apart, 

in each reach of each stream. We collected representatives of four rough functional 

feeding groups (filterers: Pedrowygomyia, a simuliid (hereafter simuliid), grazers: 

Andesiops, detritivores: Oligochaeta, and predators: Hydrobiosidae), dried, and froze 

them. Within each group, we selected individuals of similar size within and across 

streams to standardize for differences in excretion based on size (Vanni et al., 2017). 

Recent research indicates some invertebrates are more variable in their feeding habits 

than previously thought (Collins et al., 2016a), but for our broader questions about iAs 

retention, a rough characterization of feeding group is sufficient. We pooled 

invertebrates to obtain the minimum mass needed for each analysis, ground, and 

analyzed samples from each feeding group from each stream for iAs, N, and P as 

described for seston.  

 Because of small sample masses and the dilution required to extract iAs, the 

ICP data contained several samples that were below the instrument's detection limit of 

7 µg/L for iAs. Instead of using the concentration values provided by the machine, we 

calculated concentration by multiplying the raw “counts per second” values by the 

ratio of concentration:counts per second of a standard. While the absolute 

concentrations presented here may not be exact, they should be close to actual 
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concentrations and the relative differences between treatments should not be affected 

by this alternative calculation. 

 We tested for differences in invertebrate elemental content due to resource 

stoichiometry using linear regression models with resource stoichiometry as predictors 

and invertebrate elemental content as response variables.  

 4.3.2.6 Invertebrate Excretion:  To test if the relative iAs, N, and P 

concentrations in geothermal streams alter invertebrate P and iAs excretion, thereby 

influencing iAs retention, we quantified the amount of iAs and P excreted by 

invertebrates (using the same taxa sampled for stoichiometry). We placed a minimum 

of four invertebrates from each feeding group in their own small chamber (a 60 ml 

HDPE bottle) with water filtered from the source stream of the respective 

invertebrates and measured change in concentration of the key elements over time 

relative to the background concentrations. We analyzed water chemistry using ICP-

OES and fluorometry, as described above. We tested for differences in invertebrate 

iAs excretion due to resource stoichiometry using linear models with resource 

stoichiometry as predictors and invertebrate elemental content as response variables. 

We compared the effect of geothermal activity (and presence of iAs) on P excretion 

and the effect of stream N:P on P and iAs excretion using linear mixed effects models 

with stream N:P and presence/absence of iAs as predictors of iAs or P, blocked by 

invertebrate type.  

 We used Excel for data management and R for analysis (R Studio version 

1.1.463 and R version 3.5.2 (2018-12-20) "Eggshell Igloo").   
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4.4 Results 

 We found that stream iAs concentration was not a good predictor of how much 

iAs is retained by resources and consumers in the food web, but P limitation (relative 

to N, i.e. high N:P) drove iAs retention in some basal resource compartments (FBOM 

and epilithon). However, increased iAs retention driven by high N:P did not appear to 

propogate up the food web except in the case of Andesiops, the grazers. We break the 

results into sections based on our hypotheses and will address the food web pathways 

in the discussion. 

 

4.4.1 Stream iAs concentration and N:P compared with resource iAs concentration 

 Epilithon and FBOM iAs concentrations were both positively correlated with 

the molar N:P of stream water, indicating these resources took up more iAs when P is 

limiting relative to N (i.e., when N:P is high; Fig. 4.3B and F). Interestingly, both 

epilithon and especially FBOM iAs concentrations appear to plateau when N:P 

reaches 16 (the Redfield ratio). Seston iAs concentration was not significantly 

correlated with N:P or with iAs, indicating other factors are more important in driving 

the iAs content of seston (Fig. 3C and D).  

 In contrast to what we would expect based on stream iAs concentration alone, 

epilithon and FBOM iAs concentrations were not significantly correlated with 

dissolved stream iAs concentration (Fig. 3A and E). The lack of correlation between 

resource and dissolved iAs concentration is further evidence that other mechanisms 

like N:P are important for driving iAs retention.  
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Figure 4.3: Plots with the y axes showing the iAs concentrations (in mg/kg) of stream 
resources and the x axes showing background iAs concentration (A, C, E) or background 
dissolved molar N:P of the stream (B, D, F). 
 
4.4.2 Resource composition compared to invertebrate iAs content 

 Andesiops (grazer) iAs body content was significantly positively correlated 

with both resource (epilithon) iAs concentration (lm, F1,20=12.91, p=0.002; Fig. 4.4A) 

and dissolved N:P (lm, F1,20=20.26, p=0.0002; Fig. 4.4B). This supports our 

hypothesis that dissolved N:P drives iAs retention in grazers. Andesiops iAs body 

content was not significantly correlated with either epilithon N:P (lm, F1,20=0.56, 

p=0.46; Fig. 4.4C) or dissolved iAs (lm, F1,20=0.95, p=0.34; Fig. 4.4D)  

 Simuliid (filter feeder) iAs body content was not significantly correlated with 

resource (seston) iAs concentration (lm, F1,15=1.36, p=0.26; Fig. 4.4E), dissolved N:P 
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(lm, F1,15=0.81, p=0.38; Fig. 4.4F), seston N:P (lm, F1,15=0.06, p=0.8; Fig. 4.4G) or 

dissolved iAs (lm, F1,15=0.6, p=0.45; Fig. 4.4H). We found no clear support that 

dissolved N:P drives iAs retention in filter feeders, and this fits with our result that 

dissolved N:P does not drive iAs retention in seston. 

 

Figure 4.4:  Invertebrate body iAs content (y axes, +0.1 then log10 transformed) as predicted 
by resource iAs (A, E, I, M), stream molar N:P (B, F, J, N) resource molar N:P (C, F, K, O) or 
dissolved iAs (D, H, L, P). Simuliids (filterers, E-H) were fairly homeostatic in their iAs body 
content. Andesiops (grazers, A-D), Oligochaetes (detritivores, I-L) and Hydrobiosidae 
(predators, M-P) had more variation in body iAs content, although their body concentration 
was only significantly correlated with our predictor variables in the oligochaetes and 
Andesiops. 
 Oligochaete (detritivore) iAs body content was negatively correlated with both 

FBOM iAs concentration (lm, F1,15=21.61, p=0.0003; Fig. 4.4I) and stream water N:P 

(lm, F1,15=26.86, p=0.0001; Fig. 4.4J). This result was not consistent with our 

hypothesis that invertebrate body iAs would increase with resource iAs (as driven by 

A

1.5

2.0

2.5

3.0

3000 4000 5000 6000 7000
Epilithon iAs (mg/kg)lo

g 
An

d 
bo

dy
 iA

s 
(m

g/
kg

) Adj R2 =  0.36  P = 0.0018
B

10 20 30
Stream molar N:P

Adj R2 =  0.48  P = 0.00022
C

3 4 5 6 7 8 9
Epilithon molar N:P

Adj R2 =  −0.021  P = 0.46
D

100 150 200 250 300
Dissolved iAs (µg/L)

Adj R2 =  −0.0024  P = 0.34

E

2.1

2.3

2.5

2.7

5000 10000
Seston iAs (mg/kg)lo

g 
Si

m
 b

od
y 

iA
s 

(m
g/

kg
) Adj R2 =  0.022  P = 0.26

F

10 20 30
Stream molar N:P

Adj R2 =  −0.012  P = 0.38
G

5 10 15 20
Seston molar N:P

Adj R2 =  −0.062  P = 0.81
H

100 150 200 250 300
Dissolved iAs (µg/L)

Adj R2 =  −0.026  P = 0.45

I

1.6

2.0

2.4

2.8

0 1000 2000
FBOM iAs (mg/kg)lo

g 
O

lig
 b

od
y 

iA
s 

(m
g/

kg
) Adj R2 =  0.56  P = 0.00032

J

10 15 20 25 30 35
Stream molar N:P

Adj R2 =  0.62  P = 0.00011
K

1 2 3 4
FBOM molar N:P

Adj R2 =  0.031  P = 0.24
L

100 150 200 250 300
Dissolved iAs (µg/L)

Adj R2 =  0.12  P = 0.092

M

2.0

2.5

3.0

0 1000 2000
FBOM iAs (mg/kg)

lo
g 

H
B 

bo
dy

 iA
s 

(m
g/

kg
) Adj R2 =  0.095  P = 0.11

N

10 20 30
Stream molar N:P

Adj R2 =  0.14  P = 0.06

O

1 2 3 4
FBOM molar N:P

Adj R2 =  −0.052  P = 0.75

P

100 150 200 250 300
Dissolved iAs (µg/L)

Adj R2 =  0.0024  P = 0.32



 

127 

dissolved N:P). Oligochaete iAs body content was no significantly correlated with 

FBOM molar N:P (lm, F1,15=1.5, p=0.24; Fig. 4.4K) or dissolved iAs (lm, F1,15=3.24, 

p=0.09; Fig. 4.4L) 

 Hydrobiosidae (predator) iAs body content was not well described by any of 

our predictor variables, including epilithon iAs (lm, F1,17=3.89, p=0.07; Fig. 4.4M), 

dissolved N:P (lm, F1,17=4.05, p=0.06; Fig. 4.4N), epilithon N:P (lm, F1,17=0.43, 

p=0.52; Fig. 4.4O), or dissolved iAs (lm, F1,17=1.04, p=0.32; Fig. 4.4O). 

Hydrobiosidae iAs body content was also not well described by simuliid iAs content 

(lm, F1,21=0.5, p=0.49; not shown) or Andesiops body content (lm, F1,21=3.35, p=0.08; 

not shown). 

 

4.4.3 Excretion 

 Andesiops (grazer) iAs excretion was negatively correlated with epilithon iAs 

(lm, F1,17=0.3, p=0.009; Fig. 4.5A) and dissolved N:P (although this was marginally 

significant, lm, F1,17=4.2, p=0.56; Fig. 4.5B), and positively correlated with epilithon 

N:P (lm, F1,17=4.2, p=0.056; Fig. 4.5C) and dissolved iAs (lm, F1,17=24.63, p=0.0001; 

Fig. 4.5D). Andesiops iAs excretion was not significantly correlated with dissolved 

N:P (lm, F1,17=0.3, p=0.009; Fig. 4.5B).  
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Figure 4.5: Plots of invertebrate excretion (y axes, +0.1 then log10 transformed) as predicted 
by resource iAs (A, E, I, M), stream molar N:P (B, F, J, N) resource molar N:P (C, F, K, O) or 
dissolved iAs (D, H, L, P). Horizontal line represents 0 excretion on a +0.1 log10 scale. 
Andesiops (grazers, A-D) showed evidence that resource N:P drives iAs cycling at higher 
trophic levels, and because Andesiops are fairly homeostatic in their iAs body content, this 
dynamic is shown in their excretion. Simuliid (filterers, E-H) iAs excretion was best described 
by dissolved iAs concentration. Oligochaetes (detritivores, I-L) had generally low iAs 
excretion, which may be because their body iAs was better explained by our predictor 
variables, indicating less of an ability to detoxify iAs. Hydrobiosidae (predators, M-P) had 
more variation in body iAs content and iAs excretion, although neither was well explained by 
epilithon or water elemental content, which we used because they likely eat epilithon during 
the first part of their lives. 
 

 Simuliid (filterer) iAs excretion was significantly positively correlated with 

seston iAs, although there are several outliers in these data so we interpret this 

relationship with caution (lm, F1,18=29.5, p<<0.0001; Fig. 4.5E). Simuliid (filterer) iAs 

excretion was also significantly positively correlated with dissolved N:P (lm, 

F1,18=5.9, p=0.03; Fig. 4.5F) and dissolved iAs (lm, F1,18=33.5, p<<0.001; Fig. 4.5H). 
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There were no significant trends in iAs excretion by Hydrobiosidae or oligochaete 

indicating other factors not explored here are more important in driving iAs excretion 

for these taxa. Notably, Oligochaeta iAs excretion showed little variation across our 

predictor variables despite clear trends in body iAs content across the predictor 

variables (Fig. 4.5J-L). 

 We expected invertebrate P excretion would be greater in iAs-rich geothermal 

streams than non-geothermal streams because of increased iAs elimination and failure 

of P-transporters to distinguish between iAs and P. However, there were no significant 

differences in P excretion between invertebrates from geothermal and non-geothermal 

streams (Fig. 4.6; lmer t=1.15, p=0.25), indicating that the mechanisms of iAs 

detoxification may be able to distinguish between P and iAs. We also expected 

invertebrate iAs and P excretion in low N:P geothermal streams to be greater than high 

N:P geothermal streams because invertebrates take up more of both when P is not 

limiting, then excrete excess P and excrete iAs as a side effect. However, stream 

background N:P was not a significant predictor of iAs (lmer t=-0.5, p=0.6) or P (lmer 

t=-0.1, p=0.9) excretion (Fig. 4.6). This was congruent with our result that P excretion 

did not differ between geothermal and non-geothermal streams (indicating invertebrate 

iAs elimination may distinguish between iAs and P). 

 

4.5 Discussion 

 This research expands our current understanding of iAs cycling by examining 

(1) the influence of relative resource N and P on the elemental concentrations of 

biofilms and other basal resources, (2) stoichiometric drivers of the transfer of iAs, N,  
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Figure 4.6:  iAs and P excretion as predicted by stream molar N:P. Overall, stream molar N:P 
was not a good predictor of invertebrate excretion for either P (lmer ANOVA F1,149=0.02, 
p=0.9) or iAs (lmer ANOVA F1,149=0.37, p=0.542). P excretion was not significantly different 
between geothermal and non-geothermal streams (lmer ANOVA F1,148=0.9, p=0.34). 
Therefore, we conclude that either the iAs from the resources is in a form other than AsO4

3- 
(like AsO3

- or methylated-As) or that invertebrate P transporters used in digestion and 
metabolism can distinguish between iAs and P. 
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and P from basal resources to higher trophic levels (invertebrates), and (3) drivers of 

invertebrate P and iAs excretion.  

 We found that dissolved N:P was more important than dissolved iAs 

concentration for driving iAs concentration in both epilithon and FBOM. This 

supports our prediction that resources involved in microbial uptake will retain more 

iAs when P limited, as induced by N:P. However, this prediction did not hold true for 

seston. Our experimental design included iAs contaminated reaches that were 

immediately downstream of an uncontaminated reach due to a geothermal input 

providing iAs contamination (Jamanco 2016 and 2017, Oyacachi 2017). Much of the 

seston we sampled likely originated upstream in an uncontaminated reach in cases 

where the geothermal source was immediately upstream of our sampling site, so the 

drivers of seston iAs concentration are likely to be different from both less mobile 

resources and from resources with a higher proportion of biotic material. For example, 

while seston is comprised of organisms involved in microbial uptake(Rosi-Marshall 

and Meyer, 2004), seston iAs content is likely more driven by sorption or other 

instantaneous processes that occur as the seston enters the contaminated reach.  

 Both epilithon, and especially FBOM reach a plateau in iAs concentration 

around N:P=16, which is a consistent atomic ratio of N:P found in oceanic 

phytoplankton throughout the world (i.e. the Redfield ratio). Perhaps this token 

number for a transition between N and P limitation coincides with a maximum 

expression of P transporters and therefore iAs resource content reaches a maximum. 

Resource P content may not follow the same pattern because of luxury uptake and 
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storage (Davis and Minshall, 1999; Webster and Tank, 2000). The correlation between 

water supply and resource N:P (Sterner and Elser, 2002) can be decoupled, 

particularly at lower nutrient supplies or high mortality rates (Hall et al., 2005b), and 

the overall nutrient limited status of these streams in addition to potential higher 

mortality due to iAs stress may be driving the lack of correlation between water and 

resource N:P. 

 Previous studies have found that concentration of iAs in animal tissue reflects 

the background water iAs concentration (Hong et al., 2014). However, we 

hypothesized that, for food web pathways relying on resources involved in microbial 

uptake, N:P may be a more important driver of iAs retention in the food web because 

it better represents the mechanism of iAs uptake and retention in aquatic resources 

(Fig. 4.1 and 4.2). We found some support for these proposed mechanisms in 

Andesiops (Fig. 4.4A and B) but not in other taxa. However, we found no support that 

dissolved iAs concentration drives invertebrate body iAs concentration (Fig. 4.4D, H, 

L and P). Invertebrate P demand likely increases with resource N:P and P/iAs 

transport mechanisms are well conserved across kingdoms. Therefore, it follows that 

Andesiops would acquire more iAs when P limited (high resource N:P), and as a 

detoxifying mechanism, excrete more iAs. 

 The negative correlation we found between iAs concentration of oligochaetes 

and both resource (FBOM) iAs concentration and stream molar N:P was surprising 

because high stream N:P leads to higher FBOM iAs concentration (Fig. 4.3E and F), 

which should lead to either higher body iAs content or higher iAs excretion. A 

possible explanation for negative correlation between Olichogaeta body iAs 
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concentration and is that, at higher levels of iAs exposure, oligochaetes get better at 

detoxifying and excreting iAs, however this is not supported by the excretion data (see 

below, Fig. 4.5I-L). However, FBOM N:P was overall fairly low, indicating the 

oligochaetes are likely not P limited and that the correlation between iAs body content 

and both resource iAs concentration and stream water N:P is an artifact or a result of 

another, unknown, stoichiometric mechanism.  

 Generally, low abundance, which was probably driven by iAs contamination 

(Valenti et al., 2005), made collecting sufficient invertebrates for excretion and 

particularly for analyzing body content difficult because abundances were so low. 

Higher replication in future studies may help elucidate the dynamics we explore here. 

While we found compelling evidence that excretion and body content of Andesiops is 

driven by resource and dissolved iAs concentrations and N:P, future research could 

further explore these ideas in the functional feeding groups where we did not see clear 

trends (Oligochaeta and Hydrobiosidae). Additionally, similar to seston, invertebrates 

are mobile, and, particularly in the streams where the geothermal reach was below the 

non-geothermal reach, we may have sampled invertebrates that drifted or otherwise 

moved into our sampling reach that had primarily grown on resources uncontaminated 

with iAs (Beltman et al., 1999b).  

 Limited data exist in the literature on invertebrate iAs excretion, and the 

studies that do exist are primarily from marine systems (Benson and Summons, 1981; 

Neff, 1997). Overall, we found weak support for a linkage between resource N:P and 

iAs excretion. Andesiops body concentration of iAs was positively correlated with 

resource iAs concentration and with dissolved N:P, and their iAs excretion was 
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negatively correlated with iAs concentration of epilithon and marginally positively 

correlated with the molar N:P of epilithon. It is possible that, as Andesiops become 

more P limited (as indicated by the N:P of their resource epilithon), their expression of 

P transporters increases, resulting in an increase in iAs acquisition and subsequent 

excretion (Fig. 4.5C).   

In addition to physiological controls on excretion stoichiometry, there may be 

other factors that influence the ability of invertebrates to detoxify and excrete iAs. For 

example, physical factors, like spatial heterogeneity in resource stoichiometry that is 

not captured by the mean resource stoichiometry (Band et al., 2007; Evans-White and 

Lamberti, 2005; Fisher and Welter, 2007; Kahlert et al., 2002; Kohler et al., 2012) 

within each site may lead to variation in excretion stoichiometry that does not scale to 

the full stream level without much higher replication. Also, while these streams are 

well oxygenated and a majority of the dissolved iAs is in the oxidized, AsO43- form 

(Chapter 3), we did not measure the iAs speciation of the basal resources. However, 

iAs speciation may have an important effect on how much iAs is incorporated or 

excreted by invertebrates (Chen and Folt, 2000; Foust et al., 2016). 

 Arsenic occurs naturally all over the world in varying concentrations. Because 

iAs occurs in streams with altered geochemistry, it is important to understand the 

impact of iAs stoichiometry on stream retention in natural settings. This study is one 

of the first to quantify nutrient cycling and iAs retention in geothermal stream food 

webs.  

 We tested how iAs, a toxic element, interacts with common elements to affect 

iAs retention and ecosystem functioning. Toxic elements and their relationship with 
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other, more commonly studied elements can drive biogeochemical cycles, which has 

implications for global nutrient fluxes. Understanding how the relative amounts of 

iAs, N, and P affect stream communities and their associated processes will strengthen 

ecological stoichiometry as a framework for studying ecosystems by linking a toxic 

element with commonly studied elements and their function in streams. Understanding 

iAs stoichiometry will be crucial for future stream research given the global 

prevalence of iAs contamination and the conservation of iAs uptake mechanisms 

throughout kingdoms (Amini et al., 2008; Naujokas et al., 2013). 

 Arsenic is a human carcinogen linked to skin, lung, bladder, kidney, and liver 

cancer (Naujokas et al., 2013). In addition, iAs is associated with skin lesions, 

developmental disorders, neurological symptoms, lung and cardiovascular disease, and 

immunological and endocrine effects (Naujokas et al., 2013; Ravenscroft et al., 2009). 

Arsenic is found at concentrations above US EPA’s limit (10 µg/L) for drinking water 

in ~10% of US groundwater and contamination of drinking water and food affects 

more than 200 million people worldwide (Naujokas et al., 2013; Welch et al., 2000a). 

Understanding how iAs interacts with other elements to cycle through water supplies 

or be retained in food webs will help with global mitigation efforts and may enhance 

the utility of biofilms as remediators (Wang et al., 2015).   

This research evaluates how the biogeochemical cycles of iAs, N, and P 

interact through the hydrosphere, biosphere, and lithosphere to affect stream iAs 

retention and has implications for the anthroposphere. It has implications for both how 

human induced or natural iAs contamination affects ecosystem processes and how 
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elements whose cycles are frequently manipulated by humans (N and P) affect the iAs 

cycle and therefore potential human exposure.  
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