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Chapter 1:  Co-limitation by N & P characterizes algal communities across nutrient 

availability and land use 

Abstract 

Historically, freshwater lakes were widely assumed to be singly limited by phosphorus 

(P) because the dominant freshwater paradigm states that nitrogen-fixation (N2 fixation) 

will compensate for any nitrogen (N) deficits, ultimately resulting in P-limitation. 

However recent work has demonstrated that primary producer response to nutrient 

manipulation most frequently indicates co-limitation by N and P. Differences in N and P 

supply ratio have been shown to influence the identity and severity of nutrient limitation, 

but whether N and P concentration and the ratio of N:P concentrations can explain the 

frequency of co-limitation in aquatic primary producer assemblages remains unclear, 

especially in ecosystems subject to human perturbation that strongly increase nutrient 

availability. We determined how resource availability influences nutrient limitation by N 

and P of phytoplankton primary production across 12 lakes in Minnesota that vary in 

watershed land use and lake nutrient levels. We measured epilimnetic lake metabolism 

and indicators of N2 fixation to evaluate their influence on nutrient limitation status of 

planktonic algal assemblages. Despite large differences in land use (agricultural, urban, 

and suburban) and water column N and P availability, planktonic algal response to 

nutrient manipulation was consistently characterized by a co-limitation by N and P across 

years and months. P availability (as concentrations of total and and inorganic forms) and 

N2-flux rate did not predict responses to nutrient additions. N availability was overall the 

strongest predictor of responses to nutrient additions across years. Higher lake primary 

production and heterocyst count (number of nitrogen fixing cells) were also associated 
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with a stronger, positive response to N+P addition. These data suggest that primary 

producer communities are predominantly characterized by co-limitation by N and P 

despite large and diverse human impacts on nutrient inputs. Higher rates of primary 

production in algal communities increased the likelihood of co-limitation. Together, these 

results further support the paradigm shift towards dual management of N and P in aquatic 

ecosystems. 
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Introduction 

Nitrogen (N) and phosphorus (P) are the most ubiquitous water pollutants (EPA 

2010) and together threaten the health of ecosystems at both local and global scales via 

downstream transport. N and P availability often limits primary production, and in excess 

can fuel large algal blooms and subsequent decomposition and depletion of dissolved 

oxygen (Dodds et al. 2009). Nutrient impairment of freshwater and estuarine ecosystems 

has drastic implications for aquatic ecosystem health. Such impairment has lead to 

widespread problems such as the dead zone in the Gulf of Mexico (Rabalais et al. 2002, 

Turner & Rabalais 2013), harmful algal blooms (Paerl et al. 2015), and eutrophication of 

local streams in urban areas (Walsh et al. 2005). Reduction of both N and P in aquatic 

systems is necessary for ecosystem health and an important goal for management at 

multiple scales and across land use types (Conley et al. 2009). Management practices 

often focus on mitigation of P since the prevailing paradigm assumes that the availability 

of P limits the growth of algae (Sterner et al. 2008b, Schindler et al. 2016). This single-

nutrient approach has been heavily influenced by early conceptualization of nutrient 

limitation. 

Understanding of nutrient limitation has been heavily influenced by the concept 

of single-nutrient limitation that is derived from the Sprengel-Liebig Law of the 

Minimum (LLM, Liebig 1840, 1855, de Baar 1994). The LLM was first formed in the 

19th century and asserts that the nutrient in shortest supply relative to demand will limit 

primary production; therefore, this framework predicts that only one nutrient will limit 

growth. The LLM was intended to describe constraints on production of agricultural 

plants, but it has become a foundational concept in ecological stoichiometry across a suite 
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of biologically important elements (Sterner and Elser 2002, Hessen et al. 2013), and is 

still used today (e.g. Danger et al. 2008).  

A theoretical framework of nutrient limitation emerged in the late 20th century 

with important contrasts to the LLM. The multiple limitation hypothesis (MLH, coined in 

Gleeson and Tilman 1992, Rastetter and Shaver 1992) predicts co-limitation (i.e. 

simultaneous limitation by multiple resources) in primary producer assemblages. The 

MLH was primarily developed for plants and is founded on the idea that individuals and 

communities are not static. Species differ in their competitive abilities for different 

resources, and there is plasticity in an autotroph’s ability to shift allocation of resources 

to acquire limiting elements. Additionally, community composition can shift in response 

to resource availability. The MLH asserts that over time, individuals and communities 

should adjust to fully exploit their resource supply, thus depleting multiple resources to a 

limiting level (Chapin 1980, Bloom 1985, Interlandi and Kilham 2001). This framework 

considers that primary producers can mediate and respond to nutrient supply, in contrast 

to the passive role of the biota in the LLM approach to nutrient limitation.  

The LLM framework has been a key concept for the ecology and management of 

freshwaters, and is the conceptual foundation of the current ‘phosphorus paradigm’ (as 

coined by Sterner et al. 2008). This paradigm asserts that nitrogen-fixation (N2 fixation) 

will compensate for any N deficits, ultimately resulting in P-limitation (Schindler 1977, 

Sterner et al. 2008b, Schindler et al. 2016). Thus, lakes and streams are frequently 

assumed to P-limited. While P has been strongly implicated in degradation of lakes and 

some rivers (Schindler 2006), N has also been shown to contribute to freshwater 

eutrophication (Vitousek et al. 1997, Bergström and Jansson 2006, Elser et al. 2007). N is 
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often cited as the main culprit of coastal eutrophication (Howarth and Marino 2006), 

however, studies argue that dual N and P control is necessary for long-term coastal 

management (Paerl et al. 2014). Recent work has demonstrated that algal communities 

are most frequently limited by the availability of both N and P (Francoeur et al. 1999, 

Tank and Dodds 2003, Elser et al. 2007, Harpole et al. 2011). Despite this important 

finding, there is still much debate about whether eutrophication should be managed by 

controlling for P alone or both N and P (Lewis and Wurtsbaugh 2008, Conley et al. 2009, 

Schindler 2012a, Paerl et al. 2014, USEPA 2015). 

The majority of the studies that have documented nutrient co-limitation in aquatic 

primary producer assemblages have occurred in ecosystems that experience very little 

human use. For example, the whole-lake manipulations of N and P availability by 

Schindler and others took place in lakes in the Canadian Shield (Schindler 1977, 2012b). 

The long-term study of these lakes has been foundational to the current phosphorus 

paradigm and has thus influenced the management of freshwaters across the US despite 

the fact that these northern lakes experience very little human use outside of scientific 

manipulation. Additionally, meta-analyses that have demonstrated the frequency of co-

limitation across aquatic primary producer assemblages are primarily composed of field 

studies in landscapes that also are not subject to human use (Francoeur et al. 1999, Tank 

and Dodds 2003, Elser et al. 2007). Subsequent studies of co-limitation have also 

primarily focused on data from pristine ecosystems such as the oligotrophic open ocean 

(Saito et al. 2008, Harpole et al. 2011). It is unclear whether these results are applicable 

in freshwaters that are subject to urban and agricultural land use. 
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Human activity has already doubled the input of reactive N to landscapes globally 

(Vitousek et al. 1997) and increased availability of P four-fold (Cordell et al. 2009), 

mostly due to conventional agricultural practices. Although urban systems cover much 

less physical area than agricultural landscapes, land use changes associated with urban 

development can also play a dominant role in the high N and P inputs to aquatic 

ecosystems that lead to eutrophication, especially at local scales due to high population 

densities (Folke et al. 1997). Differences in N and P supply ratio have been shown to 

influence the identity and severity of nutrient limitation (Vanni et al. 2011), but whether 

N and P concentration and the ratio of N:P concentrations can explain the frequency of 

co-limitation in aquatic primary producer assemblages remains unclear, especially in 

ecosystems subject to human perturbation that strongly increase nutrient availability.  

This research aimed to address the following questions: (1) Are aquatic algal 

assemblages in ecosystems heavily influenced by human land use co-limited by N and P? 

(2) Does resource availability predict nutrient limitation by N and P in these ecosystems? 

Based on the results of Elser et al. (2007) and Harpole et al. (2011) that have 

demonstrated that primary producer response to nutrient manipulation most frequently 

indicates co-limitation by N and P, we hypothesize that co-limitation is likely also 

common across diverse land uses. Additionally, we hypothesize that resource availability 

will likely influence nutrient limitation in these ecosystems subject to human perturbation 

(urban and agricultural land use) that strongly increase nutrient availability. 

Study sites 

All study sites were located within Minnesota (Fig. 1). We sampled 6 lakes during 

summer (June - August) 2013, and 9 lakes during summer 2014 (Fig. 1, Table 1). Each 
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lake was visited three times each summer (June, July and August), yielding 45 unique 

lake-date combinations. Lakes were chosen to span a wide range of nitrogen and 

phosphorus availability and land use (e.g. urban, agricultural, and suburban, Table 1). 

Lake area and maximum depth varied across lakes, from 27.7 to 320.4 hectares and 3.4 to 

20.7 meters, respectively (Table 1), The lakes we choose are typical of glacial lakes that 

are used recreationally across the state of Minnesota, in terms of area and maximum 

depth (Minnesota Conservation Department 1968). 

Water samples 

Bulk water samples were collected at 0.5 meter (m) depths from the center of the 

lake. Water samples were stored in Nalgene carboys and transported in coolers to the 

University of Minnesota (UMN) within 8 hours of collection. Carboys were rinsed once 

with lake water before filling. Water for chemical analysis was filtered the same day as 

collection and filtered for nutrient bioassays within 24 hours. A portable meter (YSI 

model 556) was used to record dissolved oxygen and temperature in 0.25 m intervals 

from the surface of each lake. 

Water chemistry analyses  

Samples were analyzed for dissolved and particulate N and P in laboratories at 

UMN per Janke and others (Janke et al. 2014). Briefly, water samples were filtered 

through pre-ashed 0.7 µm Whatman GF/F filters, and analyzed for total dissolved N 

(TDN), total dissolved phosphorus (TDP), and soluble reactive phosphorus (SRP). TDN 

samples were analyzed with a Shimadzu TOC Vcpn analyzer (Shimadzu Scientific 

Instruments, Columbia, MD). SRP was analyzed by molybdate colorimetry, and TDP 

was analyzed using the same method after persulfate digestion. Particulates were 
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collected on pre-ashed 0.7 µm Whatman GF/F filters. Particulate P (PP) was analyzed 

using molybdate colorimetry, similar to TDP, and particulate N (PN) was determined 

using near infrared spectroscopy (NIRS). Subsets of PN samples were analyzed using 

standard analytical methods on a Perkin Elmer CHN analyzer (Perkin Elmer, Waltham, 

MA) for calibration of spectroscopic method (R2 = 0.93 and slope = 1.07 for a fit of the 

two methods). Total N (TN) was calculated as TDN + PN and TP was calculated as TDP 

+ PP.  Cholorophyll-a (chl-a) was collected on 0.2 µm cellulose nitrate filters, extracted 

in 90% acetone, and measured using a narrow band fluorometer (Welschmeyer 1994). 

Nutrient Bioassays 

Nutrient limitation was assayed using laboratory incubations. Incubations were 

established within twenty-four hours of sample collection.  Incubations were performed 

using a 90:10 filtered:unfiltered water dilution and particles were removed with an acid-

cleaned all-polypropylene 0.45 µm capsule filter. Chlorophyll-a content of the diluted 

water was measured to establish the initial chl-a concentration for incubations. 100 mL of 

the water was added to 250 mL polycarbonate flasks which were treated with 70 µM 

NH4NO3 (N) and 5 µM PO4 (P) nutrient spikes applied in a complete factorial design 

with three replicates. Flasks were incubated for 72 hours at the water temperature of the 

lake, under a 12 hour light-dark cycle. Chlorophyll-a was collected and determined as 

above with duplicate samples from each flask. Growth rates were calculated as the 

difference between initial and final chlorophyll-a concentrations normalized by 

incubation time.  

Epilimnetic lake metabolism 
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To determine the effect of trophic status on nutrient limitation of primary 

producer assemblages, we estimated lake metabolism based on gas flux rates across lakes 

during summer 2014. Epilimnetic lake metabolism was measured for all lakes in both 

July and August using methods outlined by Staehr and others (2010). Briefly, gross 

primary production (GPP), ecosystem respiration (R), and net ecosystem production 

(NEP) were estimated from diel, “free-water” changes in dissolved oxygen (DO) using 

high frequency sonde data. A sonde (miniDO2T Logger or Hobo Dissolved Oxygen 

Logger) was deployed to record continuous DO and water temperature at 15-minute 

intervals for three days at each lake. Sondes were located 0.5 meters beneath the surface 

over the deepest part of the lake. Salinity influence was negligible (conductivity ranged 

from 200-600 µS/cm /cm). We acquired daily barometric pressure and wind speed data 

required to estimate GPP, R, and NEP from the National Oceanic and Atmospheric 

Administration (NOAA) National Climatic Data Center for the St. Paul Minneapolis 

international airport station. Areal estimates of daily GPP, R, and NEP values (g O2 /m2 

day) were modeled from raw data using the mathematical equations outlined in Table 2 

of Staehr and others (2010). 

Dinitrogen gas flux  

To determine the effect of biological N2 inputs on nutrient limitation of primary 

producer assemblages, we measured rates of N2 flux as a proxy for biological N2 fixation 

for all lakes during June, July and August of 2014. We incubated 125 mL of unfiltered 

epilimnetic water collected from 0.5 m depth in eight replicate gas-tight, glass 125-mL 

serum bottles with rubber septa. Bottles were incubated in situ at 0.5 m depth for two 

hours. N2 flux incubations were conducted only on sunny, clear days to minimize 
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variation across sites due to differences in light availability. Water was sampled from 

bottles at both the beginning (T0) and end of the incubation (T2) and stored in 20 mL gas-

tight, crimp top glass vials. Samples were immediately preserved with 1 μL 1% ZnCl, 

crimped and stored on ice in the dark. Vials were kept in the refrigerator (4°C) until 

analyzing for dissolved N2 gas using a membrane inlet mass spectrometer (MIMS, Bay 

Instruments, detector by Pfeiffer, Prisma QMS 200 quadrupole). We assume that 

differences in concentration of N2 gas between the T2 bottles and the T0 bottles (N2 flux) 

were due to biological N2 fixation over a two-hour period. We acknowledge that 

denitrification could have been co-occurring in these bottles (thereby increasing dissolved 

N2), but dissolved oxygen measurements at the end of the two-hour incubation showed 

that water column conditions remained oxic over this period.  

Community Composition 

Phytoplankton community composition was determined using the FlowCam 

dynamic imaging particle analysis system (Fluid Imaging Technologies, Inc.). Automated 

imaging technologies are an increasingly common tool in the field of plankton 

identification because they are less labor intensive than microscope identification of 

preserved samples, though software has limitations in the accuracy of identification 

(Benfield et al. 2007). 

         Images were generated using FlowCam Visual Spreadsheet software (version 

3.2). A minimum of 10,000 images for each lake-date combination were captured; 

however, individual particles (much of which can be debris) can be imaged multiple 

times by this software and therefore this did not necessarily represent 10,000 individual 

plankton. Phytoplankton were visually identified and enumerated manually. Image 
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resolution limited identification of phytoplankton to the level of broad taxonomic groups, 

including chlorophytes, cyanobacteria, diatoms, cryptomonads, and dinoflagellates. 

Heterocytes were also counted and distinguished by identification of one or more clear 

heterocytes with homogenous cell contents by eye within the subset of images of 

cyanobacteria. 

Data analysis 

All statistical analyses were conducted using R (version 3.0.2, R Core Team 

2013). Final growth rates were analyzed with factorial analysis of variance (ANOVA) to 

determine the effect of N, P, and NxP treatments (all nutrient addition experiments 

grouped together by year). P-values less than 0.05 were considered significant. We 

calculated response ratios as follows for ease of data visualization:  

ln (treatment growth rate / control growth rate).          

(1) 

Response ratios are absolute differentials of growth between specified treatments, in this 

case N, P, and N+P versus control treatments.  

A factorial ANCOVA was employed to assess the effects of adding P and N (and 

the interaction of this addition) on growth rates (as determined by final 

chlorophyll a concentration) across gradients of water column N and P availability, N2-

flux (as a proxy of N2-fixation) and epilimnetic lake metabolism. The ANCOVA model 

contained the factors P and N (experimental treatments and their second-degree 

interaction, N*P), the covariates TP, TN, TP:TN (lake water concentrations from the 

same date), N2-flux, and epilimnetic lake metabolism. We also used ANCOVA to assess 
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the effects of land use (as estimated by % impervious cover and categorical land use 

outlined in Table 1) and depth on absolute and relative nutrient availability. 

Results 

Lakes varied dramatically in terms of both absolute and relative nutrient 

availability (Table 1). Absolute availability of TN ranged from 0.43 - 2.62 mg/L and 

for TP, 16.3 – 325 ug/L. N:P ratio ranged from 16.5 – 121 molar TN:TP in urban, 

alum-treated lakes Como and Lake of the Isles respectively. Agriculturally-impacted 

Lake West Jefferson also had high TN:TP (120). Nutrient availability varied 

dramatically, both across and within land use (Tables 1 and 2). There was no effect of 

land use (using the categorical variables and percent impervious cover outlined in 

Table 1) or depth on absolute or relative nutrient availability in these lakes.  

Primary producer communities in the lakes we sampled responded most strongly 

to N+P additions, and are characterized as co-limited across land use and temporal 

variation (seasonal and yearly, Figs. 2 – 4). When all lake-dates were pooled together 

for each summer, the response ratio (RR) was significantly higher for the N+P addition 

than the N or P additions (ANOVA, p<0.01, Fig. 4). However, some lakes did not 

follow this trend. For example, Crosby Lake and Como Lake were characterized by N-

limitation for all lake-date combinations. Primary producer communities frequently 

responded negatively to the P additions and (at times) to the N additions (Figs. 2-4). 

This phenomenon primarily occurred in summer 2013 (Fig. 4) and was driven by 

responses in urban lakes (Cedar, Como and Lake of the Isles).  

Although our data demonstrated that algal response to nutrient manipulation 

supported co-limitation, our ANCOVA analysis elucidated significant predictors of 
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nutrient limitation. There was a significant effect of TN across both years and TN:TP 

ratio on algal response to nutrient additions in summer 2013 (Table 3, Fig. 5). N:P ratio 

negatively influenced N effect sizes (Fig. 5A) and was positive for P (Fig. 5B). 

Epilimnetic lake metabolism was a significant predictor of algal response to nutrient 

additions in 2014 (Table 4, Fig. 6B). Additionally, heterocyst count was a significant 

predictor of algal response to nutrient additions in 2013 (Table 3) and was overall 

negatively related to RRN and RRP (Fig. 6A). We found no effect of N2-flux rate and 

responses to nutrient enrichment (Tables 3 and 4). 

Discussion 

Meta-analyses have shown that algal assemblages are most frequently limited by 

the availability of both N and P (Francoeur et al. 1999, Tank and Dodds 2003, Elser et al. 

2007, Harpole et al. 2011). Most of the study systems included in these analyses were not 

directly impacted by anthropogenic activity, or at least were not specifically chosen 

because of these impacts, that strongly increase nutrient availability. Here we show that 

across 12 urban, suburban and agriculturally impacted lakes in Minnesota, primary 

producers were most frequently limited by the availability of N and P together, despite 

large variation in the TN:TP ratio of availability (i.e. the ratio that is available to primary 

producers from the water column) in these lakes.  

Predictors of nutrient limitation 

Overwhelmingly, the response of primary producer assemblages from the lakes 

we studied indicates that algal communities were co-limited by N and P. This aligns 

with previous findings in meta-analyses of nutrient addition experiments (Francoeur et 

al. 1999, Elser et al. 2007, Harpole et al. 2011). This is surprising considering the large 
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variation in both absolute and relative availabilities of N and P in these lakes. 

Additionally, this characteristic co-limitation response varied little with season or across 

years, but algal communities did respond more strongly with time during summer 2014. 

However, there were important exceptions to these patterns.  

Some algal communities’ responses to nutrient manipulation were consistently 

characterized by single limitation by N or P across years and months. Crosby Lake and 

Como Lake were characterized by N-limitation for all lake-date combinations, which 

can be explained by their characteristic low TN:TP ratio of availability (mean 18.2 and 

16.2 from all lake-dates, respectively). Square Lake was characterized by P-limitation 

for all lake-date combinations in summer 2014, but not in 2013. West Jefferson was 

characterized by P-limitation in July, but not June or August. Both Square Lake and 

West Jefferson had a high TN:TP ratio of availability (mean 82.9 and 120 from all lake-

dates, respectively); however other lakes with high TN:TP ratio of availability 

responded more to N+P enrichment than P enrichment alone. For example, Cedar Lake 

and Lake of the Isles both had very high TN:TP ratios (mean 107 and 121, from all lake-

dates, respectively), but responded much more strongly to the N+P nutrient addition 

than to P addition. These results demonstrate at most commonly occurring N:P ratios 

(i.e. a wide range that is captured by these lakes), co-limitation is the most relevant 

characterization of nutrient limitation in algal assemblages. 

We found a significant effect of TN across both years and TN:TP ratio on algal 

response to nutrient additions in summer 2013, suggesting that the availability of N and 

its relationship to P availability can influence nutrient limitation of these algal 

assemblages. N:P ratio negatively influenced N effect sizes and was positive for P. 
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However, overall TN:TP ratios were a weak predictor of nutrient limitation, which is 

surprising considering the wide range of TN:TP ratios included in this dataset. These 

findings are consistent with other recent studies that show a lack of support for using 

TN:TP ratios to predict nutrient limitation status of algal communities. For example, 

Keck and Lepori (2012) found that TN:TP ratio was the best predictor of N limitation of 

benthic primary production in streams; however, these predictions were uncertain except 

at extreme TN:TP ratios (<1:1 and  >100:1, Keck and Lepori 2012). Additionally, 

Ptacnik and others (2010) evaluated chlorophyll-response based threshold ratios for 

determining nutrient limitation and found it to be far below Redfield, with N limitation 

below 2:1 and P limitation above 5:1 (Ptacnik et al. 2010). Taken together, these studies 

in combination with our results indicate co-limitation at moderate N:P, with increasing 

importance of P as N:P increases and N as it decreases toward extreme values that are 

not commonly observed. 

Primary production was most frequently limited by the availability of N and P 

together, also despite large variation in land use and water source. For example, Lake 

McCarrons receives most of its water from street surface runoff, some of it routed 

through engineered stormwater retention ponds. Crosby Lake is located in the 

floodplains of the Mississippi and Minnesota Rivers and is subject to seasonal 

inundation. Square Lake has no inlet or outlet and is groundwater fed. German and West 

Jefferson Lakes are located in a chain of lakes that are subject to overland flow from 

surrounding cropland and inputs from groundwater. Our results are surprising 

considering this wide variation in water source, which is also connected to the variation 

in N and P availabilities. 
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Negative response to P addition 

Our data show negative responses to P additions for multiple lake-date 

combinations, especially during summer 2013. These negative response ratios (meaning 

the enriched algal assemblages grew less than the unenriched, control treatments) were 

surprisingly common, given that they are rarely discussed in the nutrient limitation 

literature. However, this response has been noted in a handful of studies. In a meta-

analysis of factorial additions of N and P to primary producing communities by Harpole 

and others (2011), 15% of studies included showed some type of negative response. In 

over half of these cases, the reduction in biomass due to single addition of either N or P 

was reversed when N and P were added together, and these authors suggest that the 

reduction in biomass was perhaps due to stoichiometric constraints (Harpole et al. 

2011). This was often true for our data as well. However, it is unclear how 

stoichiometric constraints would lead to negative response ratios as opposed to a neutral 

response, and it is likely that other factors contributed to these negative response ratios. 

Other biological mechanisms could explain the negative response to P addition 

we observed in our lakes. Schallenberge and Burns (2001) frequently observed a 

negative response to P additions in marine picoplankton communities. They 

hypothesized that this could be due to increased viral activity and subsequent lysing of 

algal cells with P additions (Schallenberg and Burns 2001). Fertilization can also 

increase herbivory rates by changing the amount and nutritional quality of vegetation; 

this has been documented in plant communities (see Gruner et al. 2008) and algal 

communities (Sterner et al. 2008a). We filtered this water to remove macrozooplankton 

grazers that might mask phytoplankton response to nutrient addition, but 
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microzooplankton cannot be removed this way and if present, these herbivores would 

have been included. Additionally, changes in the ratios of available nutrients could 

potentially drive changes in species composition and the production of the ‘winning’ 

species under fertilization, which may be very different from the original community. 

For example, fungi could respond strongly to the P addition, but this response would not 

be detected by our chl-a response. The mechanisms that underlie the negative responses 

to P addition (and a few cases of N addition) in primary producer communities are 

unclear and warrant further investigation. 

Predictors of co-limitation  

We investigated potential factors that influenced the responses of the algal 

communities to our factorial additions of N and P. Mean TN:TP of the water column did 

significantly influence responses to N and P additions as predicted by the LLM 

framework; mean TN:TP was negatively correlated with response to N addition and 

positively correlated with response to P addition.  

N2-flux rates did not significantly influence responses to any of our nutrient 

additions (see mean rates for each lake in Table 2). We did find that heterocyte count 

was a weak predictor of responses to nutrient additions during summer 2013, but this 

effect was negative on RRN and RRP meaning that more heterocytes were associated 

with less of a response to these additions. Overall, the relationships between heterocyte 

count and response ratios were weak. These results were surprising since we expected 

that higher N2-flux rates would increase P limitation and decrease N limitation. The 

ability of N2-flux to moderate N demand to match P availability in aquatic systems is 

often invoked as an argument for management efforts to focus only on P (Schindler 
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1977, Schindler et al. 2008, 2012, 2016). Our results indicate that N2-flux rates did not 

contribute directly to nutrient limitation status in these heavily human-impacted lakes. 

This is not to say that N2-flux does not contribute to nutrient availability, but that other 

factors influencing the availability of N in the water column are likely simultaneously at 

play, negating the direct effects of N2-flux. We agree with others who have suggested 

that N2-fixation cannot contribute enough N to make up for deficiencies and exert an 

effect on nutrient limitation (Scott and McCarthy 2010). 

A key example of other factors that are likely influencing nutrient limitation 

status of algal communities is denitrification, which serves as an opposing influence on 

N availability. Denitrification reduces biologically reactive forms of N to dinitrogen gas, 

effectively reducing N availability both locally and also at the broader ecosystem scale. 

This removal of N has been argued to compensate for any fixation of reactive N at the 

whole lake level, and thus motivates the argument for dual control of N and P to 

mitigate eutrophication (Conley et al. 2009, Lewis et al. 2011, USEPA 2015). Our 

results support this emerging paradigm of dual control of N and P in the ongoing debate 

on how to best manage eutrophication. 

Epilimnetic lake metabolism was a significant predictor of algal response to N+P 

additions in 2014. This suggests that among these lakes, eutrophic lakes were more 

likely to be co-limited. These results were unexpected given that co-limitation in 

oligotrophic systems has long been hypothesized to arise from the simultaneous scarcity 

of nutrients. For example, co-limitation has been well documented in the surface oceans 

(Saito et al. 2008), and has also been observed in oligotrophic freshwater environments, 

such as the Great Lakes in North America (North et al. 2007), Alaskan wetlands (Wyatt 
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et al. 2010), and subalpine streams (Marcarelli and Wurtsbaugh 2007). The co-limitation 

responses we documented in eutrophic systems could be due to increased diffusion rates 

in the same way that nutrient addition increases diffusion in oligotrophic systems. 

Perhaps in these hyper eutrophic systems, stoichiometric constraints limit the growth of 

algal cells until increases in the local availability of both N and P increase the diffusion 

rates of both of these elements into cells. Additionally, stoichiometric constraints could 

limit responses to single N and P additions in these systems meaning that the uptake and 

use of one resource (e.g. P) is limited by the availability of another resource (e.g. N). 

The biological mechanisms that underlie the co-limitation we documented in highly 

productive lakes are unclear and warrant further study. 

Finally, we recognize that this approach to studying nutrient limitation (adding N 

and P over short time scales and monitoring responses) has many shortcomings. Our 

experiments assessed short-term nutrient limitation of algal assemblages and could not 

incorporate potentially important feedbacks that can occur at the lake-scale such as 

establishment or increases in species like nitrogen fixers or denitrifying bacteria. This is 

a topic of much discussion in the literature (e.g. see Schindler et al. 2009, 2016, Conley 

et al. 2009, Schindler 2012b) and we acknowledge there is much to be learned about 

how these small-scale experiments can be scaled up and inform management at the 

whole-lake scale. However, our results offer insight into how these algal communities 

currently function and how N availability and epilimnetic lake metabolism influences 

the nature of nutrient limitation. We argue these data are important to understanding 

how these communities function and will respond to reductions or increases in nutrient 

availability. 
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Conclusions 

Overall, our results demonstrate that these algal assemblages are most often co-

limited by N and P. Our results provide support the MLH conceptualization of nutrient 

limitation in these human-influenced lakes. While we saw evidence for LLM in the 

community response to single additions of N and P (decreased N response with higher 

TN:TP and vice versa for P), the significantly stronger response to the N+P additions 

across seasons and years suggests that these algal communities are more likely to be co-

limited than singly limited. As hypothesized by the MLH, this could be due to 

differences in nutrient limitation from species to species or across time, or due to shifts 

in allocation of resources within individual species such as using N to get P via 

enzymatic activity. Taken together, our work provides evidence for the dual nutrient 

(control of both N and P) approach to mitigating eutrophication of freshwaters that are 

impacted by human land use. 
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Figure 1. Map of sampling sites across Minnesota. Dots represent lakes. Star represents 
location of Twin Cities metro area.  
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Table 2. Abiotic characteristics of study lakes. Mean dissolved inorganic nitrogen (DIN), 
total nitrogen (TN), soluble reactive phosphorus (SRP), total phosphorus (TP), TN:TP, 
algal biomass (estimated by chlorophyll-a) and N2-flux rate are mean values from all 
sample dates across all seasons and years (n=3 or 6, indicated after lake name). Summer 
stratification indicates which months of the summer lakes were stratified based on 
temperature and O2 vertical profiles taken from the middle of each lake. 
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Table 3. ANCOVA of final growth rates in the nutrient addition experiments for summer 
2013. 
Effect/source Parameter 

estimate 
Chi sqr P 

Treatments 
N 0.56 16.2 <0.0001*** 
P -0.05 2.38 <0.0001*** 
N * P1 0.86 0.08 0.12 
Covariates 
TN (ug/L) -0.002 19.02 <0.0001*** 
TP (ug/L) -0.0005 0.49 0.49 
TN:TP -0.010 7.49 <0.001** 
Heterocyst Count 0.007 7.65 <0.001** 
Error 1.20   
Mixed effects ANCOVA of chlorophyll-a based growth rates of all nutrient addition 
experiments during summer 2013. Lake was the random effect (SD=0.25). Conditional 
R2=0.51 1-this represents effect of the factorial addition of N&P 
 
Table 4. ANCOVA of final growth rates in the nutrient addition experiments for summer 
2014. 
Effect/source Parameter 

estimate 
Chi sqr P 

Treatments 
N 0.08 20.7 <0.0001*** 
P 0.04 12.4 <0.001** 
N * P1 0.09 5.32 0.02* 
Covariates 
TN (ug/L) 0.00008 23.5 <0.0001*** 
TP (ug/L) 0.0001 0.09 0.77 
TN:TP -0.007 3.26 0.07 
N2 flux (mg N2 fixed L-1 h-1) -0.004 1.72 0.19 
GPP (g O2  m-3  h-1) -0.01 5.50 0.02* 
Heterocyst Count -0.0005 3.11 0.08 
Error 0.09757   
Mixed effects ANCOVA of chlorophyll-a based growth rates of all nutrient addition 
experiments during summer 2014. Lake was the random effect (SD=0.09). Conditional 
R2=0.66. 1-this represents effect of the factorial addition of N&P 
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Figure 2. Seasonal variation in response ratio across lakes determined by bioassays in 
primary producer communities during summer 2013. Response ratio was measured from 
chlorophyll-a determined growth rates in response to nutrient enrichment and indicates 
the relative strength of nitrogen (N), phosphorus (P) and NP limitation compared to 
control treatments. Points represent means of three bottles per treatment combination. 
Vertical lines represent +/-1 standard error. Horizontal line indicates where the response 
ratio equals 0 – above this value there was a positive response to the nutrient enrichment 
compared to control treatments and a negative response for values below 0. Gray boxes 
indicate which round sampling points represent (early, mid, and late summer). 
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Figure 3. Seasonal variation in response ratio across lakes determined by bioassays in 
primary producer communities during summer 2014. Response ratio was measured from 
chlorophyll-a determined growth rates in response to nutrient enrichment and indicates 
the relative strength of nitrogen (N), phosphorus (P) and NP limitation compared to 
control treatments. Points represent means of three bottles per treatment combination. 
Error bars represent +/-1 standard error. Horizontal line indicates where the response 
ratio equals 0 – above this value there was a positive response to the nutrient enrichment 
compared to control treatments and a negative response for values below 0. Gray boxes 
indicate which round sampling points represent (early, mid, and late summer). 
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Figure 4. Differences in response to nutrient amendments in primary producer 
communities for all lake-date combinations during summer 2013 and 2014. Response 
ratio was measured from chl-a determined growth rates and indicates the relative strength 
of N, P and NP limitation compared to control treatments. Bars represent means of three 
bottles per treatment combination. Error bars represent +/-1 standard error. Letters within 
each panel indicate significant differences between means (p<0.01).  
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Figure 5. Relationship between molar ratio of total nitrogen (TN) and total phosphorus 
(TP) and response to A) nitrogen addition (RRN) and B) phosphorus additions (RRP) in 
primary producer communities for all lake-date combinations during summers 2013 and 
2014. Points represent single lake-date sampling events (each lake was sampled three 
times). Lines represent trendline for significant effects of TN:TP on N and P response 
ratios (Repeated-measures ANOVA, p<0.001).  
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Figure 6. Relationship between (A) Heterocyte count and N response to N addition (RRN) 
for all lake-date combinations during summer 2013 and 2014 and (B) gross primary 
production (GPP) and response to nitrogen and phosphorus additions in primary producer 
communities (RRNP) for all lake-date combinations during summer 2014. Points represent 
single lake-date sampling events. Lines represent trendline for significant positive effect 
of GPP on N*P effect size (Repeated-measures ANOVA, p<0.001).  
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Chapter 2: Beyond N and P: multiple nutrient limitation prevails across freshwater and 

terrestrial systems  

Abstract 

Human alteration of global nitrogen (N) and phosphorous (P) availability is well 

documented. It is also well understood that N, P, or often the two in combination, limits 

primary productivity globally. However, despite the large body of literature on co-

limitation, few non-agronomic studies have explored elements beyond N and P (e.g. K, 

Si, Ca) to assess their roles in limiting primary productivity. The goal of this study was to 

evaluate the effects of other elements on primary production beyond the conventional N 

and P co-limitation framework. We performed a meta-analysis using 120 fertilization 

studies that tested the effects of N, P, and “other” nutrients (anything other than N and P) 

additions on primary productivity. We found that additions of other nutrients significantly 

increased primary production when added with N and P, and additions of two other 

nutrients significantly increased primary production compared to additions of one other 

nutrient. These results demonstrate that co-limitation by other nutrients is more prevalent 

across ecosystems than previously assumed.  
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Human alteration of global macronutrient availability is well documented, 

however anthropogenic inputs have overwhelmed natural biogeochemical cycles of trace 

elements on Earth as well (Senesi et al. 1999). Compared to pre-industrial levels, 

anthropogenic creation of biologically reactive nitrogen (N) has increased twelve-fold 

(Galloway et al. 2008) and phosphorous (P) inputs to terrestrial systems have doubled 

(Carpenter and Bennett 2011), mainly from fossil fuel combustion and agricultural 

practices. Yet, commercial fertilizer also includes potassium (K) and other elements, such 

as calcium (Ca), magnesium (Mg), and sulfur (S) that can be transported via dust, erosion 

or water transport. As a result, urban and agricultural land use has enriched terrestrial and 

aquatic systems with these elements. Global land use changes have also led to increased 

availability of trace elements: biomass burning in the tropics can enrich local 

environments with trace elements, especially K(Sardans and Peñuelas 2015) and zinc 

(Zn, Echalar et al. 1995); and industrial and urban combustion lead to atmospheric 

deposition of trace elements (Adriano 1986), sometimes increasing their availability 

fourteen-fold (for copper, Rauch and Graedel 2007). While environmental enrichment of 

these “other” nutrients (hereafter, “other” includes any nutrient other than N and P) is 

often studied in terms of toxicity (Sunda and Huntsman 1998), it is also likely to have a 

fertilization effect on primary producers since they have been shown to be important to 

plant productivity. 

Despite wide evidence for N, P, and N+P limitation of plant productivity, 

alterations in the availability of other nutrients may have had widespread impacts on 

plant production. Individual studies and a few reviews within specific ecosystems show 

significant effects of other nutrients on productivity (Downs et al. 2008, Moore et al. 
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2013). Studies have demonstrated that primary producer assemblages, especially lake 

phytoplankton, can be limited by the availability of micronutrients, such as iron (Fe), 

molybdenum (Mo), manganese, boron, cobalt and Zn (Goldman 1964, 1972, Axler et al. 

1980, Wurtsbaugh and Horne 1983), which are essential co-factors in enzymes crucial to 

photosynthesis and respiration (Morel et al. 1994). For example, cyanobacteria have high 

metabolic requirements for Fe and Mo, both components of the enzyme nitrogenase 

(Romero et al. 2013). In terrestrial systems, especially agricultural systems, research has 

very clearly demonstrated the potential for K limitation (Kayser and Isselstein 2005), 

which is needed for plant growth and is closely related to N nutrition in plants (Kayser 

and Isselstein 2005). However, agricultural systems are unique due to yearly biomass 

removal via harvest. Despite these examples, few studies have evaluated the frequency of 

limitation by other nutrients of primary production across different ecosystems, perhaps 

because of the pervasive emphasis on macronutrient limitation of N and/or P. However, 

primary producer communities could experience co-limitation (i.e. simultaneous 

limitation by multiple resources, North et al. 2007, Harpole et al. 2011, 2016, Saito et al. 

2012, Fay et al. 2015) of other nutrients in addition to N and P. 

There is rising acceptance of multiple element limitation, of macronutrients at least, 

in primary producer assemblages, with recent studies highlighting its importance and 

frequency across ecosystem types (Elser et al. 2007, Wyatt et al. 2010, Harpole et al. 

2011, Saito et al. 2012, Turner and Rabalais 2013). Although this shifting paradigm 

departs from the idea of single nutrient limitation (i.e. the Sprengel-Liebig Law of the 

Minimum, LLM, Liebig 1840, 1855)), co-limitation is hardly a new idea. The multiple 

limitation hypothesis (MLH, coined in Gleeson and Tilman 1992 and Rastetter and 
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Shaver 1992),  primarily developed for terrestrial plants, predicts co-limitation in primary 

producer assemblages based on the idea that individuals and communities are not static 

but are able to respond to resource availability (e.g., in terms of biomass allocation) in 

ways that minimize limitation by a single nutrient. Thus the MLH asserts that over time, 

individuals and communities should adjust to fully exploit their resource supply, thus 

depleting multiple resources to a limiting level (Chapin 1980, Bloom 1985, Gleeson and 

Tilman 1992, Rastetter and Shaver 1992, Interlandi and Kilham 2001). Although 

typically considered in terms of N and P, the MLH should also apply to other nutrients as 

well. 

Few studies have explored multiple element limitation beyond a two-nutrient 

approach to assess effects of other nutrients (e.g. K, Si, Ca) in limiting primary 

productivity and we know comparatively little about limitation by these other nutrients in 

natural ecosystems compared to agricultural ecosystems. The goal of this study is to push 

beyond the conventional N and P co-limitation framework to evaluate the additional 

effects of other nutrients on primary production. We performed a meta-analysis using 120 

fertilization studies from terrestrial (not including agricultural), aquatic and marine 

systems that tested the effects of N, P, and other nutrient additions on primary 

productivity. We used a subset of the studies included in the Elser et al. (2007) and 

Harpole et al. (2011) meta-analyses and additional studies either not included by Elser et 

al. or published since 2007. We limited this analysis to experiments in which other 

nutrients were added in addition to N and P in such a way so as to be able to discern an 

effect of the other nutrient beyond the effects of N and P. We also restricted this analysis 

to studies of primary producer communities, as opposed to cultures of single species, and 
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limited responses to metrics of biomass (e.g. mass, chlorophyll-a, tree diameter). We 

hypothesize that two contrasting conceptions of multiple element limitation could emerge 

from this meta-analysis: a framework founded in the LLM that predicts a hierarchy of 

nutrient limitation and a contrasting framework founded in the MLH that predicts all 

nutrients to be equally limiting (see Fig.7). 

Methods 

This meta-analysis is an extension of prior work by Elser et al. (2007) and Harpole et 

al. (2011). Elser et al. (2007) reported significant interactions between N and P across 

freshwater, marine, and terrestrial ecosystems in a meta-analysis of the effects of N and P 

addition on community-level primary production (i.e. communities of autotrophs 

including terrestrial plants and aquatic plants and algae). Harpole et al. (2011) performed 

a similar meta-analysis that focused on a specific subset of the 1069 experiments in the 

Elser et al. (2007) database: the 641 studies in which there was a factorial addition of N 

and P. They found significant synergistic interactions between N and P across these 

systems, indicating co-limitation of primary producers. For this meta-analysis, we 

focused on 120 fertilization studies from 38 published papers in which other nutrients 

were added in addition to N and P in such a way so as to be able to discern an effect of 

the other beyond the effects of N and P. For criteria used in study selection and response 

units, see Methods and Appendices in Elser et al. (2007). The papers included in the 

current analysis are listed in the supplemental information (Table S1), and are primarily a 

subset of those available in the public data repository of the National Center for 

Ecological Analysis and Synthesis (http://knb.ecoinfor 

matics.org/knb/metacat/nceas.347/nceas). However, since this dataset was compiled in 
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2007, we also searched for papers published since then that met our criteria (described 

below). 

We used Google Scholar and ISI Web of Science to search for additional papers that 

met our criteria that were published after 2007. Search terms included: “fertilization,” 

“enrichment,” “production,” “productivity,” “nutrient limitation,” “resource limitation,” 

“multiple element,” “nitrogen,” “phosphorus,” “potassium,” “sulfur,” “calcium,” “silica”, 

“iron”. In addition to using relevant papers from prior studies (Elser et al. 2007 – as 

described above), we also searched papers that sited those studies. The literature search 

was focused on papers since 2006, however a general non-time-limited search was also 

performed. A complete list of studies included in this analysis is available in the 

supplemental information (Table S1). 

We restricted studies included in this meta-analysis using the following criteria. The 

response variables had to include some direct measure or likely correlated measure of 

primary production, which included biomass production, plant height or stem growth, 

chlorophyll-a, measures of photosynthesis, or growth rate. Studies that only considered 

effects on foliar nutrient concentration were not included. Additionally, the study had to 

include experimental manipulation of nutrient availability. Some work has been done 

linking available nutrient content in soil and aquatic systems to primary productivity over 

time; however, those observational studies were not included. In considering whether or 

not to include a paper, we focused on the intended manipulation by the authors. For 

example, if lime was included to amend pH levels, we did not consider it a calcium (Ca) 

addition. Or, if P was investigated through addition of triple super phosphate, we did not 

consider it a Ca and sulfur addition as well. Finally, data needed to be collected at the 
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community-level, so pot and single-species response data were not included. In total, we 

found 120 unique experiments from 38 published studies that met these criteria. Studies 

from the original Elser et al. (2007) database are available in the public data repository of 

the National Center for Ecological Analysis and Synthesis (http://knb.ecoinfor 

matics.org/knb/metacat/nceas.347/nceas). 

As in Elser et al. (2007), we used the natural log-transformed response ratio as our 

primary effect size metric: 

                                            RRX =ln (E⁄ C)                                                           (1) 

where E is the measured value of the response variable in enrichment treatment X (N or P 

or ‘micronutrient’ or N + P + ‘micronutrient’, etc…) and C is its value in the control 

treatment (no enrichment). RR has been used frequently as an effect metric in similar 

ecological meta-analysis (Hedges et al. 1999, Lajeunesse and Forbes 2003). We 

compared RR across treatments by pooling studies by specific nutrient enrichments (N 

vs. NO, etc.). We explored differences among RRx across these groups using analysis of 

variance (ANOVA). Additionally, we used linear regression analyses to test whether RR 

(all treatments pooled) were predicted by habitat, fertilization area/volume, duration, 

elevation, pretreatment soil N, P, TN:TP, pH, temperature seasonality, mean annual 

precipitation (MAP), mean annual temperature (MAT), and precipitation seasonality 

(Table S-2). All statistical analyses were performed in R, version 3.0.2 (R Core Team 

2013). 

Results and Discussion 

Our results show support for widespread multiple element limitation. Additions of 

other nutrients significantly increased primary production when added with N and P 
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(Figs. 8 & 9). Productivity increased with enrichment by each additional other nutrient 

(Fig. 8, NP+other versus NP+2 others) and across systems (Fig. 9). Terrestrial, aquatic 

and marine systems showed synergistic effects of factorial nutrient additions, on average, 

similar to the results of Elser et al. (2007) and Harpole et al. (2011). Increases in 

productivity with nutrient addition did not follow the hierarchical conception of nutrient 

limitation (which would predict primary N and P limitation and limitation by other 

nutrients secondary) but instead followed predictions based on the Multiple Element 

Limitation hypothesis (see Fig. 7 for clarification).  

When looking beyond N and P, the other nutrients studied varied by system (Fig. S-

2). K and slurries of micronutrients were by far the most studied element, which reflects 

both the legacy of agricultural research and the methodology for the Nutrient Network 

(Borer et al. 2014) whose study of grassland nutrient limitation (factorial additions of N, 

P, and K+micronutrients) across 42 global sites (Fay et al. 2015) was included in our 

meta-analysis. Notably, we found very few marine studies that examined N, P, and other 

nutrients together. Considering the literature on co-limitation in marine phytoplankton 

(Morel et al. 1994, Romero et al. 2013), it is interesting that so few studies have 

manipulated the availability of N, P and other nutrients simultaneously. Multiple studies 

have evaluated limitation by other nutrients in phytoplankton communities in freshwater 

and marine systems (e.g. see the analysis of published studies of phytoplankton by 

Downs et al. 2008). However, the majority of these studies, especially in marine 

environments, did not also manipulate N and P availability simultaneously, likely 

because P is assumed to not be limiting due to high availability relative to N and Fe.  

Our analysis of covariance yielded some potentially important insights regarding the 



 39 

long-term responses to nutrient enrichment. The covariates that best predicted response 

ratio (RR, the overall magnitude of effect of enrichment versus control) were fertilization 

area (size of experimental unit, e.g. plot size, solution volume) and duration (Table S-2, 

based on model R2 and p-value). Greater fertilization extent (either larger plot size or 

greater volume of liquid media) increased RR and longer durations of experiments 

decreased RR. This suggests that the larger and more comprehensive the community 

sampled, the stronger the response to nutrient addition of any kind. Greater fertilization 

areas or volumes likely resulted in more comprehensive sampling of the primary 

producer community that could have allowed the community to more fully exploit 

resource supply via niche partitioning of resource requirements. Theoretical and 

experimental work has demonstrated that more diverse communities might draw down 

resources supplies faster than less diverse communities (Hutchinson 1961, Interlandi and 

Kilham 2001, Cardinale 2011). Additionally, the longer the length of the nutrient 

manipulation experiment, the lower the response to that nutrient. This result supports the 

MLH which asserts that over time, communities should adjust to fully exploit their 

resource supply, thus depleting other resources that are not added to a limiting level 

(Chapin 1980, Bloom 1985, Gleeson and Tilman 1992, Interlandi and Kilham 2001). 

Alternatively, work by Isbell and others (2013) showed that while chronic N enrichment 

initially increased productivity, it also led to reduced diversity which then caused 

substantial diminishing returns from fertilization in grasslands(Isbell et al. 2013). This 

could also explain the reduced response to nutrient addition over time. The duration of 

experiments included in our analysis ranges from 2 days to >100 years (most freshwater 

are short term so this reflects a contrast between terrestrial and aquatic studies) and the 
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mean length of experiment is 3 years (which, again, reflects the length of Nutrient 

Network studies included). 

Temperature and precipitation also predicted the magnitude of RR of primary 

producer assemblages. Mean annual temperature (MAT) increased RR and precipitation 

seasonality (a metric of the variation in precipitation across seasons) decreased RR (Table 

S-2). This suggests that primary producers in warmer climates with less variation in 

precipitation respond more strongly to nutrient additions. This likely reflects the nutrient 

poor status of older, more weathered tropical soils, thus primary producers in these 

ecosystems are more likely to be nutrient limited than those in more temperate 

ecosystems. Studies have shown that while N and P-limitation are both likely to be high 

in weathered soils, many factors can influence this such as local plant uptake, leaf litter 

decomposition rates, and weathering (Menge et al. 2012). It is interesting to consider how 

these processes might influence limitation by other nutrients as well. Overall, our data 

suggest that limitation by other nutrients is likely stronger in tropical soils as well. 

We only included studies that added other nutrients in addition to N or P; no studies 

were included that only looked at the effect of other nutrients alone. Many studies 

investigating trace element nutrient limitation focus only on experimental manipulation 

of the trace element alone (e.g. Sunda and Huntsman 1998, Twiss et al. 2000). Therefore, 

by excluding these studies, we have constrained the potential positive effect of other 

nutrients.  

These results suggest a broader view of nutrient limitation controls on primary 

production to include less abundant, but equally limiting nutrients. This view is supported 

by Downs et al. (2008) and Moore et al. (2013), who reviewed studies of nutrient 
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limitation by other nutrients in phytoplankton and marine ecosystems, respectively, and 

found that co-limitation by other nutrients is common and likely more important that 

previously recognized. The present research illuminates the paucity of data on these other 

nutrients compared to N and P. Importantly, this meta-analysis supports the Multiple 

Limitation Hypothesis conception of nutrient limitation and suggests that over time, 

communities often adjust to fully exploit their resource supply, thus depleting multiple 

resources to a limiting level (Fig. 7). In the context of global change, developing robust 

analyses of global deposition and availability of other nutrients across systems, as we 

have for N and P, will be important to better understand implications of multiple element 

limitation for primary productivity.  
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Figure 7. Community response to nutrient enrichment treatments based on 
contrasting theoretical frameworks of nutrient limitation. (A) These predictions of 
response (e.g. biomass, growth rate, etc.) to resource enrichment apply to primary 
producer communities (e.g. lake phytoplankton communities), and likely differ from 
predictions for individuals or single-species communities. (B) The hierarchical 
conception of nutrient limitation is based in the Sprengel- Leibig Law of the Minimum 
(LLM) and the conventional hierarchy of nutrient limitation, with limitation by other 
nutrients being secondary to N and P. This framework predicts that communities will 
respond more to enrichment of elements that are required in greater mass to grow and 
build biomass (i.e. N and P). (C) The conception of nutrient limitation based on the 
Multiple Limitation Hypothesis (MLH) predicts widespread co-limitation in primary 
producer assemblages based on the idea that individuals and communities are not static. 
Species differ in their competitive abilities for different resources, and there is plasticity 
in a primary producer’s ability to shift allocation of resources to acquire limiting 
elements. Additionally, community composition can shift in response to resource 
availability. The MLH asserts that over time, communities should adjust to fully exploit 
their resource supply and deplete multiple resources to a limiting level, and thus are at the 
edge of nutrient limitation by multiple elements. We conceptualize this framework to 
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predict an equal response to nutrient enrichment in primary producer communities 
regardless of element.   
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Figure 8. Responses of autotrophs to enrichment of N, P, O and factorial 
combinations of these enrichments across ecosystems (N = nitrogen; P = phosphorus; 
other = 1 nutrient added other than N or P); 2 others = 2 nutrients added other than N or 
P). Data are given as response ratios (natural-log transformed response ratios in which 
autotroph biomass or production in the enriched treatment is divided by its value in the 
control treatment, see Methods). Error bars are +/- one standard error. Letters indicate 
significant differences between means (ANOVA, p<0.05). Numbers of observations are 
as follows: N (n= 125); P (n=117); other (n=129); N+other (n=98); P+other (n=103); NP 
(n=106); 2 others (n=4); N+2 others (n=5); P+ 2 others (n=8); NP+ other (n=124); NP+2 
others (n=28). 
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Figure 9. Responses of autotrophs to enrichment of N, P, O and factorial 
combinations of these enrichments by ecosystems (N = nitrogen; P = phosphorus; 
other = 1 nutrient added other than N or P); 2 others = 2 nutrients added other than N or 
P). Data are given as response ratios (natural-log transformed response ratios in which 
autotroph biomass or production in the enriched treatment is divided by its value in the 
control treatment, see Methods). Error bars are +/- one standard error. Numbers of 
observations are as follows,  
for freshwater: N (n= 38); P (n=35); other (n=45); N+other (n=32); P+other (n=35); NP 
(n=38); 2 others (n=1); N+2 others (n=2); P+ 2 others (n=1); NP+ other (n=37); NP+2 
others (n=2);  
for marine: N (n= 6); P (n=6); other (n=6); N+other (n=2); P+other (n=2); NP (n=6); 
N+2 others (n=5); NP+ other (n=9); NP+2 others (n=16);  
for terrestrial: N (n= 81); P (n=76); other (n=74); N+other (n=64); P+other (n=66); NP 
(n=62); 2 others (n=3); N+2 others (n=5); P+ 2 others (n=7); NP+ other (n=78); NP+2 
others (n=10). 
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Chapter 3: Contribution of leaf litter to nutrient export during winter months in an urban 

residential watershed 

 

Reproduced with permission from Environ. Sci. Technol. 2017, 51, 3138−3147 

Copyright 2017 American Chemical Society. 

 

Abstract 

Identification of non-point sources of nitrogen (N) and phosphorus (P) in urban systems 

is imperative to improve water quality and better manage eutrophication. Winter 

contributions and sources of annual N and P loads from urban watersheds are poorly 

characterized in northern cities because monitoring is often limited to warm weather 

periods. To determine winter export of N and P, we monitored storm water outflow in a 

residential watershed in Saint Paul, Minnesota during 2012-2014. Our data demonstrate 

that winter melt events contribute a high percentage of annual N and P export (50%). We 

hypothesized that over-wintering leaf litter that is not removed by fall street sweeping 

could be an important source to winter loads of N and P. We estimated contributions of 

this source by studying decomposition in lawns, street gutters, and catch basins during 

two winters. Rates of mass and N loss were negligible during both winters. However, P 

was quickly solubilized from decomposing leaves. Using mass balances and estimates of 

P leaching losses, we estimated that leaf litter could contribute 80% of winter TDP 

loading in this watershed (~40% of annual TDP loading). Our work indicates that urban 

trees adjacent to streets likely represent a major source of P pollution in northern cities. 

Management that targets important winter sources such as tree leaves could be highly 
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effective for reducing P loading and may mitigate eutrophication in urban lakes and 

streams in developed cities.   
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Introduction 

Nitrogen (N) and phosphorus (P) are the most ubiquitous water pollutants(United 

States Environmental Protection Agency 2009) and together threaten the health of 

ecosystems at both local and global scales via downstream transport. Land use changes 

associated with urban development play a dominant role in the high N and P inputs to 

aquatic ecosystems that lead to eutrophication, especially at local scales (Dubrovsky, 

N.M., Burow, K.R., Clark, G.M., Gronberg, J.M., Hamilton P.A., Hitt, K.J., Mueller, 

D.K., Munn, M.D., Nolan, B.T., Puckett, L.J., Rupert, M.G., Short, T.M., Spahr, N.E., 

Sprague, L.A., and Wilber 2010). The increase in impervious (paved) surface cover 

associated with urbanization greatly influences hydrologic pathways, creating a physical 

barrier to soils, decreasing infiltration and increasing runoff (Dunne and Leopold 1978). 

This increase in runoff in combination with high nutrient concentrations in stormwater 

drives high nutrient loading, especially of N and P, in urban waterways, which can be 

difficult to manage.  

Point source pollution from wastewater effluent has been reduced in developed 

countries due to improved technology and regulations; however, non-point pollution from 

storm sewers can be an important source of nutrients as well. For example, in Baltimore, 

Groffman and others (2004) estimated that non-point sources contributed 25.6 kg N ha-1 

yr-1, compared to 35 kg N h-1 yr-1 from point sources. Controlling non-point sources of N 

and P is difficult because they are diffuse, hard to identify, and vary with space, time and 

climate (Carpenter et al. 1998). This is especially true in urban centers where non-point 

sources can range from construction sites to golf courses to private lawns and include 

soils, fertilizer, atmospheric deposition, leaking sewers, pet waste, and leaf litter.  
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Traditional stormwater best management practices (BMPs, e.g. detention ponds, 

vegetated swales, rain gardens) focus on volume and particulate reduction – typically 

downstream rather than at the source – and can be expensive and are often ineffective 

(e.g. Song et al. 2015). Some studies have shown that nearly half of urban P inputs are 

soluble (Baker et al. 2008), and an awareness of this fact has led to recent development of 

infiltration-based practices that are designed to remove dissolved P (e.g. iron-enhanced 

sand filters; Erickson et al. 2007, Arias et al. 2001). Despite these innovations, there is 

increasing interest in managing N and P at the source (Baker et al. 2008), but we lack a 

clear understanding of the relative importance of non-point sources of nutrients in urban 

landscapes. Without this basic understanding, we cannot assess how various management 

actions will influence nutrient retention and transport.  

Snowmelt runoff contributes significantly to nutrient loading in streams in 

northern climates (e.g. Mitchell et al. 1996, Brooks and Williams 1999). The sources and 

dynamics of nutrient transport during snowmelt are relatively well studied in forested 

watersheds, demonstrating that freeze-thaw cycles and overland flow lead to nutrient 

losses from organic matter leaching and soil microbes (Williams and Melack 1991, 

Pellerin et al. 2012). In contrast, knowledge of winter biogeochemical processes in 

northern urban watersheds is much less advanced, in part due to reduced or suspended 

monitoring activity during winter (however, see Kaushal et al. 2011, Hall et al. 2016). 

Despite emphasis on warm season, some studies have shown important contributions of 

winter urban runoff to pollutant loads (e.g. Oberts 1982, Payne et al. 1982, Fallon and 

McNellis 2000, Brezonik and Stadelmann 2002). A recent study also showed that urban 

BMP performance is impaired by winter conditions but also poorly quantified (Marsalek 
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et al. 2003). Overall, far less is known about the sources and processes that control winter 

transport of nutrient in urban watershed compared to summer, and compared to 

undisturbed forests.  

Decomposition of leaf litter can play a key role in nutrient availability in 

freshwater ecosystems, releasing soluble forms of nitrogen and phosphorus to the water 

column (Wetzel and Manny 1972, Gessner and Schwoerbel 1989, Webster, J.R., 

Benfield, E.F., Ehrman, T.P., Schaeffer, M.A., Tank, J.L., Hutchens, J.J., D`Angelo 

1999). In urban landscapes, streams are often buried or channelized (Meyer et al. 2005), 

reducing the capacity for biotic uptake of these nutrients (Walsh et al. 2005). In 

developed, residential watersheds, trees adjacent to streets drop leaves and other organic 

matter directly into streets where they are carried via storm drains to downstream aquatic 

features. In cities, streets, gutters and storm drains effectively act as headwater streams, 

collecting and delivering nutrients downstream, yet they likely lack the function of 

forested headwaters, which can retain and quickly process nutrients. The contribution of 

leaf litter to watershed loading of nitrogen and phosphorus via these urban headwater 

streams (i.e. street gutters) is likely important (Duan et al. 2014). While decomposition of 

leaf litter has been studied in urban landscapes (e.g. McDonnell et al. 1997), few studies 

have evaluated how leaf litter decomposition on paved surfaces contributes to urban 

water quality (Waller 1977, Allison et al. 1998, Hobbie et al. 2014, Selbig 2016).  

Municipal street sweeping is a common pollutant control measure, but its 

effectiveness for improving water quality has not been evaluated thoroughly (German 

and Svensson 2001, Selbig 2016). Prompt sweeping can be especially important for P, as 

leaf litter leaches dissolved P quickly and can contribute to nutrient loading in urban 
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runoff (Cowen and Lee 1973, McComb et al. 2007). Leaf litter decomposes faster in 

forested urban areas than in undeveloped landscapes (McDonnell et al. 1997), and rapid 

decomposition has been demonstrated in street gutters as well (Janke et al. 2014). 

Therefore, over time, release of N and P might occur faster than expected from estimates 

based on reference landscapes such as forests or streams. Despite the potential 

importance of leaf litter to local water quality, municipal street sweeping in temperate 

cities often occurs infrequently (e.g., annually or semi-annually) in residential 

watersheds. The effectiveness of infrequent sweeping is further hindered by the fact that 

the timing of leaf drop can vary greatly by tree species. For example, ash trees drop their 

leaves within a few days in fall months, while oak trees can drop leaves weeks to months 

later (e.g. Reich et al. 1991). Due to differences in phenology, climate variability, and 

timing of sweeping operations, some amount of leaf litter is frequently not collected 

during fall municipal street sweeping and remains in street gutters. The fate of this over-

wintering leaf litter is unknown, but likely contributes to export of nutrients in snowmelt. 

In this chapter we quantify snowmelt export of N and P and evaluate the 

contribution of leaf litter to winter N and P loads in an urban, residential, storm-drained 

watershed, building off previous work in this watershed (Janke et al. 2014). To determine 

winter export of N and P, we monitored storm water outflow and snowmelt in a 

residential watershed in Saint Paul, Minnesota during 2012-2014. We studied leaf litter 

decomposition and nutrient release in street gutters, catch basins and lawns in this 

watershed as well. Using these data sets and a model of leaf litter inputs, we estimated the 

potential contribution of leaf litter to this winter export. Considering the physical 

disconnect between soils and snowmelt flowpath caused by paved infrastructure, this 
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research addresses two key issues: (1) Does winter snowmelt contribute substantially to 

annual nutrient loading in urban, residential watersheds as it does in forested watersheds? 

(2) Since leaf litter is known to quickly leach P and is likely an important input to urban 

drainage, how much of snowmelt P loading can be explained by over-wintering leaf litter 

in street gutters? 

Methods 

Site description 

This study was conducted in a small, residential watershed in Saint Paul, 

Minnesota, USA. The highly urbanized, residential watershed is 0.17 km2, with a total 

impervious area of 51% (sum of street, roof and other impervious percentages) and a 

vegetated area of 41% (Janke et al. 2014). The watershed drains into an underground 

BMP, the Arlington-Hamline Underground stormwater vault (AHUG, Fig. 10). AHUG 

has no ponds, but it does contain multiple rain gardens and an underground trench 

directly connected to storm drains engineered to promote infiltration and reduce 

particulate nutrient export; however, since all of these BMPs are not connected to the 

watershed outlet, we considered them disconnected from the watershed and they are not 

included in total watershed area or estimates of nutrient and runoff volumes (see Fig. 10). 

There is no baseflow (Janke et al. 2014) and hydrology is flashy (median event duration 

is 5.0 hours), with runoff arising exclusively from rainfall events or thaws (see SI for 

hydrographs). 

The watershed was resurfaced, repaved, and all stormwater and sanitary 

infrastructure was replaced in 2006. Sewage is not likely present in stormwater, as 

sanitary and storm sewers are completely separate in the watershed. Additionally, E. coli 
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levels are generally lower in AHUG than in stormwater across other Capitol Region 

Watershed District (CRWD) sites (CRWD 2014), and no illicit discharges have been 

found in AHUG by CRWD. Molar N:P ratios observed in stormwater (mean: 22.4; see 

SI) are several times higher than observed for sewage (~4-5, Henze and Comeau 2008).  

Climate data 

Daily maximum temperature and snow depth for winters 2012/13 and 2013/14 

were measured by the Minnesota State Climatology Office at a station 3 kilometers from 

AHUG watershed. These data can be accessed at 

http://www.dnr.state.mn.us/climate/historical.  

Watershed Nutrient Export 

The study watershed is managed by CRWD and the city of St. Paul. CRWD 

monitors storm drains and surface water in the watershed, including the inlet of the 

stormwater vault (hereafter, the outlet of AHUG watershed), as temperatures permit 

(April –Nov.). Water samples are collected with an ISCO automatic sampler (Model 

6712; Lincoln, NE) equipped with an area-velocity module (ISCO Model 750) to 

continuously record water depth and velocity in the storm pipe. Sample bottles were 

removed within 24 hours of storm events and a single composite storm sample was 

generated and processed within 24 hours of retrieval (CRWD 2012a).  

We collaborated with CRWD to monitor the watershed outlet of AHUG year-

round beginning in May 2012. When low temperatures prevented use of an automated 

sampler, we manually sampled events. The vault was outfitted with a flow logger year-

round (ISCO Model 2150 during periods when auto-sampler was removed) for a 

complete record of water and nutrient export from this watershed. Continuous outlet 
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sampling only overlapped with our decomposition study (described below) during winter 

2012/13 (Dec. – March). We also sampled fresh snowfall in AHUG on 13 Feb. 2011, 14 

Feb. 2011, 23 Feb. 2011, 19 Nov. 2011, 22 Feb. 2013, 4 March 2013, and 12 April 2013 

(7 events). Fresh snow was harvested using hand tools and transferred to UMN in plastic 

gallon bags. Snow was then melted in same bags and meltwater was filtered at the 

University of Minnesota (UMN) within 24 hours of collection. 

Water quality analyses 

Water quality analyses were conducted on warm season (April - Nov.) composite 

samples collected by CRWD and analyzed at Metropolitan Council Environmental 

Services and Pace Analytical (CRWD 2012a). During winter, and for additional samples 

collected during the warm season, UMN staff collected composite and manual grab 

samples. A total of 215 flow events, including both snowmelt (81 events) and rainfall-

runoff (134 events), occurred over the study period (May 2012 – April 2014). 116 of 

these events, representing 84% of the total runoff volume, were sampled by grab or by 

composite sampling. Duplicate samples were run for total dissolved phosphorus (TDP), 

soluble reactive P (SRP), nitrate and ammonium to ensure comparability across 

laboratories and methods. Across 71 samples, no significant differences were detected 

between labs (Mann-Whitney-Wilcoxon test, p<0.05). 

Samples were analyzed for dissolved and particulate N and P in laboratories at 

UMN per Janke and others (2014). Briefly, water samples were filtered through pre-

ashed 0.7 μm Whatman GF/F filters, and analyzed for total dissolved N (TDN), TDP, and 

SRP. TDN samples were analyzed with a Shimadzu TOC Vcpn analyzer (Shimadzu 

Scientific Instruments, Columbia, MD). SRP was analyzed by molybdate colorimetry, 
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and TDP was analyzed using the same method after persulfate digestion. Particulates 

were collected on pre-ashed 0.7 μm Whatman GF/F filters. Particulate P (PP) was 

analyzed using molybdate colorimetry, similar to TDP, and particulate N (PN) was 

determined using near infrared spectroscopy (NIRS). Subsets of PN samples were 

analyzed using standard analytical methods on a Perkin Elmer CHN analyzer (Perkin 

Elmer, Waltham, MA) for calibration of spectroscopic method (R2 = 0.93 and slope = 

1.07 for a fit of the two methods). Total N (TN) was calculated as TDN + PN and TP was 

calculated as TDP + PP.  

Nutrient loads were calculated as in Janke et al. (2014), using measured discharge 

and observed characteristic concentrations for each runoff event, with hydrologic gaps 

filled using stage-velocity relationships or correlations to other CRWD monitoring sites 

(see SI for further details). Rainfall data were retrieved from the same website as climate 

data (above). 

Leaf litter decomposition and leaching 

We measured decomposition (mass loss) for litter collected from boulevards in 

AHUG during fall leaf drop from Acer saccharum (Sugar maple) in 2011 and A. 

saccharum and Quercus palustris (Pin oak) in 2012. We collected leaf litter, dried it, and 

enclosed 10 g litter into 20 cm x 20 cm bags constructed of 1-mm mesh fiberglass 

window screen. In 2012, we constructed separate bags for A. saccharum and Q. 

macrocarpa to evaluate species effects. Subsamples of dried fresh litter (n=7) were 

analyzed for ash-free dry mass by combustion in a muffle furnace (600° C for 6 h); for 

total carbon (C) and TN on a Perkin Elmer CHN analyzer (Perkin Elmer, Waltham, MA); 
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and for TP by digestion with 10 N sulfuric acid after ashing samples at 300° C for 2 

hours. 

Sixty-three bags were constructed to yield 3 replicates per date of collection 

(n=3), over 7 dates, at 3 locations within this urban watershed (3 catch basins, 3 street 

gutters, and 3 lawns) during winter months (2 leaf types x 7 dates x 3 locations x 3 reps = 

63 bags). Hereafter, we consider winter to be the months of December – April of a given 

year since snowpack is often maintained through April, as well as freeze-thaw 

temperature dynamics, in Minnesota. Catch basins, street gutters and lawns were chosen 

because these are the primary locations for leaves to over-winter in this watershed. Catch 

basins and street gutters are also sites that can contribute to export of material from this 

watershed, as they constitute the primary flow path for surface water run-off. AHUG has 

30 catch basins connected to its outlet. These catch basins are generally cleaned of 

particulates yearly. Each catch basin grate is 0.56 m2 in area. The depth from the rim to 

bottom is variable, but the average is 3 m. The street gutters were on non-arterial, 

residential streets. We deployed bags as soon as snow pack was sufficient to safeguard 

bags from human interference (22 Feb. 2012, 9 Feb. 2013). Bags were approximately 20 

cm apart. 

Three replicate bags were collected 1 week after deployment and approximately 

every 2 weeks thereafter depending on weather conditions. During deep snow pack, bags 

were carefully extracted with hand tools so as to minimize damage. Catch basin grates 

often had to be uncovered of snow to extract litter bags, but grates were re-covered after 

retrieval. The water in the catch basin vaults was never frozen despite air temperatures as 

low as -20°C; litter bags were continuously immersed in water. Litter was separated from 
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bags, air-dried, leached (as described below) and analyzed for ash-free dry mass and total 

C, N and P as above. Note that this litter decomposition study only overlaps with our 

continuous outlet sampling in AHUG during winter 2012/13. 

Litter bags deployed and collected during winter 2012/13 were also leached for N 

and P. Once dry, leaves were weighed, placed in a 2.5-liter container along with 

deionized water at a ratio of 1 g leaf litter to 100 mL of water. As an assay of readily 

leachable N and P, leaves were extracted for 30 minutes. Leachate was decanted and 

subsampled by syringe-filtration through pre-ashed Whatman GF/F filters. Leachate was 

analyzed for TDN, TDP, and SRP at UMN as above. 

Potential leaf litter contributions to watershed P export 

    We aimed to estimate how much of the observed P export could be explained by 

leaf litter inputs in AHUG; to make these estimations we used a watershed mass balance 

approach using the following equation:  

CP = PL / TDPE 

where CP equals the fraction of winter TDP export contributed by leaf litter, PL equals the 

load of leachable P from leaf litter inputs to AHUG (derived from a model), and TDPE 

equals the TDP export we observed at the AHUG outlet (from our watershed monitoring, 

methods described above). Inputs (PL) could not be measured directly but were modeled 

based on a municipal street sweeping study conducted in a nearby suburb, described 

below. 

We used a model of street sweeping nutrient removal developed from a suburb in 

the Twin Cities metro area (Prior Lake) developed by Kalinosky and others (2014) to 

estimate leaf litter input (PL). This model is based on data from a study of sweeping 



 58 

frequency across residential streets with different amounts of canopy cover. Briefly, the 

model uses street canopy cover and street sweeping frequency (weekly, biweekly, or 

every 4 weeks) to compute monthly loads of nutrients (N and P) in coarse organic 

(>2mm, i.e., leaf litter) and fine (<2mm) fractions of material collected by the sweepers. 

We assume that the model output (estimate of how much litter would be swept up) under 

a high-frequency scenario represents all litter in the street. We used this model to 

estimate leaf litter inputs to AHUG that might have remained in the street during the 

winter months, following autumn municipal street sweeping and prior to spring 

sweeping, using the following equation (Kalinosky et al. 2015): 

Log(Load Component, kg/curb-meter) = β0 + βmonth + β2(Canopy Cover) +  

β3(Average Sweeping Interval), 

where β0, βmonth, β1 and β2 are coefficients that vary by load component (i.e. fines, coarse 

organics, etc.). We calculated the coarse P load (β0 = -12.193) for the entire watershed. 

We used mean canopy cover on a street-by-street basis in AHUG (values between 0-87%, 

β2 =9.207). We modeled the highest frequency of street sweeping (weekly, β3 = -0.232). 

This street sweeping model was limited to snow-free months (April-Nov.). Since street 

sweeping in AHUG is usually conducted during mid-November, we decided that April 

(βmonth = -0.07) sweepings would best represent the material that over-wintered; i.e., leaf 

litter that would not have been collected during fall municipal sweeping. Since AHUG 

has much higher canopy cover than Prior Lake (average of 36 and 6% respectively), we 

extrapolated beyond the Prior Lake relationship between canopy cover and coarse P load, 

where the highest canopy cover was 20%. 
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Using this estimate of total over-wintering leaf litter, we applied rates of P loss 

via leaching observed during our decomposition study to estimate mass of P lost from 

leaf litter inputs over the course of the winter. We compared this input estimate (PL) to 

total annual winter export of dissolved P observed in AHUG watershed (TDPE) for years 

2012 – 2014. 

Statistical analyses 

All statistical analyses were conducted using R(R Core Team 2013). Effects of 

location (catch basins, street gutters, and lawns) and leaf type on litter decomposition 

were determined by conducting a one-way ANOVA (2011/12 data) and two-way 

ANOVA (2012/13 data) on proportion of initial ash-free dry mass remaining at the last 

time point of our decomposition study. Differences were considered significant when p 

values were less than 0.05. We attempted to fit three exponential decay models to our 

litter decomposition data (Wieder and Lang 1982), but they could not capture patterns in 

our data, as there was no significant total dry leaf mass loss over the decomposition 

period.  

We used repeated-measures ANOVA to determine the effects of location and leaf 

type on nutrient losses from leaves across time, and fit our data to four alternative models 

to best account for correlation. We used this same statistical approach to determine the 

effect of day of year on nitrogen concentrations (TN, DON, DIN, and PN). The four 

models assumed different correlation structures between time points (compound 

symmetry, unstructured correlations, AR(1), general ARIMA structure). We used general 

maximum likelihood to estimate model parameters using the nlme package in R, which 
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compares model fits using Akaike’s Information Criterion (AIC). T-tests determined 

differences between leachable P and N from oak and maple leaves.  

We determined the standard error of the mean (SEM) of our estimation of leaf 

litter input by running the Prior Lake model of street sweeping nutrient removal 100 

times. We used the standard error around each model coefficient (β0, βmonth, β1 and β2) to 

create normal distributions. Each time we ran the model with our fixed inputs of canopy 

cover and sweeping frequency, we randomly drew values from these distributions. The 

SEM around the leaf litter input therefore represents the error generated from running the 

model 100 times, randomly drawing from the distributions around each model 

coefficient. 

Results 

Climate 

Winter 2012/13 was colder and had deeper and more sustained snow pack than 

winter 2011/12. The average daily maximum and minimum temperatures during winter 

2011/12 were 5.5 and -3.5°C, respectively, and 2.2 and -6.7°C during winter 2012/13. 

Leaf litter decomposition and leaching 

Across landscape positions (residential lawns, street gutters, and catch basins) and 

leaf type (maple, oak), leaf litter bags did not lose significant mass during either year 

(Figs. 11A & D). At the end of winter 2011/12, there was no significant difference 

between masses of leaves incubated in lawns, catch basins and street gutters (Fig. 11A). 

At the end of winter 2012/13, leaves incubated in catch basins and gutters gained more 

weight than leaves in lawns (Fig. 11D). 
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Deployed leaf litter bags lost a significant mass of P (50 - 70%) within the first 30 

days of incubation during both winters 2011/12 and 2012/13 (Figs. 11B & E). This loss 

was significantly greater for litter bags incubated in street gutters and catch basins during 

winter 2011/12 than during winter 2012/13 (Fig. 11B). During winter 2012/13, losses 

were more variable from maple leaves as compared to steady losses from oak leaves (Fig. 

11D). We found no loss of N from leaf litter bags across years and leaf type, and litter 

bags tended to gain N (Figs. 11C & F). 

Laboratory leaf leaching data from fresh leaf litter showed that P was quickly 

solubilized from decomposing leaves (~60% lost in 1 hour), whereas N release was much 

slower (Fig. 12). This trend held across leaf type (maple and oak), but maple leaves lost a 

significantly higher proportion of initial N than oak leaves (Fig. 12B). 

Watershed outlet water quality 

Winter melt events contributed a large proportion (~50%) of annual TP and TN 

export from AHUG watershed for two winters, with winter nutrient loads of 43 and 57 kg 

N and 5.3 and 7.3 kg P for 2012/13 and 2013/14, respectively (Fig. 13, Table 5). 

Snowmelt occurred prior to the municipal spring street sweeping (May in both years) and 

before any spring litterfall. Peak snowmelt periods occurred in March, which had the 

highest monthly TP and TN loading across both winters (~30% of annual export across 

years). Monthly loading was also high during April and May (Table 5). Winter TDP 

export from AHUG was 3.8 and 4.2 kg P for winters 2012/13 and 2013/14, respectively, 

demonstrating that the soluble fraction of exported P represents ~60% of TP. 

To explore dynamics of N mobilization during snowmelt we combined all 

available data across three winters. There was a significant depletion of TN, DON and 
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DIN concentrations over time during snowmelt (Fig 14 A-C, repeated measures 

ANOVA). In contrast, PN and TP concentrations did not change throughout snowmelt 

(Figs. 14D & E). 

Modeling potential leaf litter leaching to AHUG P export 

Our litter decomposition experiment demonstrated that P is quickly leached from 

over-wintering leaf litter, but this was not true for N. Due to this lack of an estimate of N 

losses directly from fresh leaf litter, we only estimated for P how much of observed 

nutrient export could be directly attributed to leaching losses from leaf litter inputs in 

AHUG. This estimation was generated using the model of street sweeping described 

above. 

Our decomposition study demonstrated that up to 70% of initial P was lost from 

maple and oak leaves incubated in street gutters during winters 2011/12 and 2012/13 (see 

losses within 30 days of deployment in Figs. 11B & E) similar to observations of 67% 

(5.5 standard error, SE) and 65% (1.3 SE) mean P loss from fresh maple and oak litter in 

the lab, respectively (Fig. 12). Therefore, we conservatively estimated that 60% of the 

estimated leaf litter inputs were leached in the street gutter and exported from AHUG 

watershed. 

Using this 60% loss calculation, our estimate of leachable litter P input was 3.4 kg 

P (Table 6). In comparison, winter TDP export monitored at the watershed outlet was 3.8 

and 4.2 kg P for winters 2012/13 and 2013/14, respectively (Table 6). Together, this 

mass-balance estimate demonstrates that leaf litter inputs could have contributed 80-88% 

of TDP export. 
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Discussion 

Our analyses show that half of the annual nutrient loads from a storm-drained 

watershed occurred during snowmelt, with much of the load occurring during brief 

periods in March. N and P concentration dynamics differed during the course of winter, 

but the observed form of nutrients and dynamics of decomposing leaf litter suggested that 

organic materials not removed by municipal street sweeping were a major source of 

nutrients in winter runoff. The observed high nutrient loads and the potential for impaired 

BMP function during frozen conditions suggest that enhanced source reduction via street 

sweeping is necessary to reduce nutrient pollution in cold cities during winter, especially 

for P. These finding are explored in detail below. 

Winter N and P dynamics in decomposing leaf litter 

 Leaf litter lost negligible amounts of mass and N during both winters 2011/12 and 

2012/13. However, in a colder and snowier winter of 2012/13, litter incubated in catch 

basins and street gutters gained significantly more mass than litter in lawns. We observed 

a similar trend for N. Gains in mass and N were likely driven by microbial colonization 

and immobilization of N, and incorporation of sediments due to cars parking on street 

gutters. Other studies have shown that leaf litter gains N during the early stages of 

decomposition due to immobilization of N by microbes (Steltzer and Bowman 2005, 

Meier et al. 2008). Notably, a study of litter decomposition in an alpine watershed found 

that microbes consume labile litter C and immobilize exogenous N during winter, leading 

to net ecosystem retention of N (Steltzer and Bowman 2005). It is less common for litter 

bags to gain mass during decomposition, however studies have documented this over 
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short time scales (e.g. Decker and Boerner 2006), aligning with the scale of our study 

compared to multi-year studies of litter decomposition.  

In contrast, P losses from litter were substantial and occurred quickly. This loss 

was greatest in leaves incubated in catch basins and street gutters, suggesting that the 

higher hydrologic activity in these urban analogs of headwater streams was responsible 

for P release and removal, even during predominantly frozen conditions. Laboratory leaf 

leaching in this study also showed that P was quickly solubilized from decomposing 

leaves, where N release was slower. These data align with results from other studies that 

demonstrate more rapid leaching of the soluble P pool from leaf litter compared to N 

(McComb et al. 2007, Hobbie et al. 2014).  

Overall, leaf decomposition dynamics were similar across the two winters, despite 

large differences in temperature and snowpack. These data indicate that the amount of 

litter input is likely a more important driver of total P losses from leaching than abiotic 

factors such as temperature and the physical forces associated with snowpack. 

The role of winter in annual N and P losses 

Winter in northern regions is a period when transport of nutrients from urban 

landscapes to streets may be reduced compared to warmer conditions due to reduced 

biological activity, frozen and often snow covered soils, and lower precipitation and 

runoff. However, disturbances such as freeze-thaw and plowing and inputs from wind 

transport, coupled with infrequent but intense runoff events during snowmelt, could 

increase the transport of nutrients from land to water during snowmelt. In this study, 

winter melt events contributed a large proportion of annual N and P export (~50%) across 

years, driven largely by losses during March snowmelt. This aligns with results of a study 
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of urban stormwater in Minnesota in 1980, in which intensive study of several watersheds 

in the Twin Cities metro area demonstrated that snowmelt runoff alone contributed 33% 

of the annual TN load and 35% of the TP load (Oberts 1982, Payne et al. 1982, Ayers et 

al. 1985). Additionally, in St. Paul, flow-weighted mean snowmelt concentrations were 

3.52 mg/L TN and 0.70 mg/L TP (Oberts 1994), which are within the range of observed 

TN and TP concentrations at AHUG. Annual nutrient yields (nutrient load normalized by 

watershed area) for AHUG (470 and 710 kg N km-2 y-1 and 59 and 88 kg P km-2 y-1) are 

also in the range of observations for urban watersheds (Dillon and Kirchner 1975, 

Groffman et al. 2004, Alvarez-Cobelas et al. 2009, Duan et al. 2012, Bettez et al. 2015). 

In contrast, a study of winter runoff in two suburban watersheds of the Twin 

Cities metropolitan area in 1997 found that snowmelt contributed only 5 and 13% of the 

annual TN loads and 4 and 8% of TP loads (Fallon and McNellis 2000). These results 

suggest that AHUG, within the urban core, has greater snowmelt annual TN and TP 

loading compared to less intensively urbanized watersheds with lower street density and 

more suburban areas. Runoff volumes from urban drainage are typically highest in the 

urban core compared to suburban development, due to higher street density and 

impervious areas (Walsh et al. 2005), and this may lead to higher P loading in highly 

urbanized sites (Duan et al. 2012). This important difference in drainage density could 

explain the differences in winter contributions between these studies.  

Leaf litter contributions to AHUG snowmelt P export 

 Our mass-balance estimate indicates that leaching losses from leaf litter could 

contribute a large proportion of TDP observed in winter loading from the watershed. This 

contribution represents 32 and 23% of annual TP export in 2012/13 and 2013/14, 
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respectively. Our study of litter decomposition showed no net loss of N from short-term 

leaf litter incubations. We were thus unable to model fresh litter contributions to AHUG 

N export during winter and snowmelt. 

The model we used to estimate litter inputs makes several assumptions that may 

have influenced our results.  First, we extrapolated beyond the known linear relationship 

between leaf litter inputs and canopy cover in Prior Lake. Prior Lake has low canopy 

cover due to being a much younger development and lack of boulevard trees and 

sidewalks that typify AHUG streets. If we had constrained the canopy cover to be 20% 

(the maximum cover in Prior Lake) – even though some streets in AHUG had canopy 

cover upwards of 80% and an average canopy cover of 36% – the estimate of leachable P 

would have decreased significantly, from 3.4 to 0.08 kg. This would likely represent a 

large underestimation of true litter inputs. Furthermore, we are not aware of a mechanism 

that would cause the relationship between canopy cover and leaf litter inputs to be non-

linear in the study watershed. The boulevard trees are all managed by the city (i.e. spaced 

out and trimmed), and canopy cover does not exceed 100%. We therefore believe the 

extrapolation beyond the range of canopy cover in Prior Lake is a reasonable assumption.  

Conversely, our methods for calculating litter inputs to the street may 

underestimate the actual values. The relationship between canopy cover and leaf litter 

input was derived from summing weekly municipal street sweeping over the month of 

April and only represents material that could be swept up after the snowpack was gone. 

Therefore, this estimate does not include losses of leaf P due to wind, hydrological 

transport (with the exception of leaching losses), or human activity over winter. Despite 
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these limitations, this estimate still suggests that leaf litter could be a dominant source of 

soluble P to winter loading in this watershed.  

A recent study by Selbig and others (Selbig 2016) showed that total removal of 

leaf litter from a small, urban watershed in Madison, WI reduced TP loads by 84% and 

TN loads by 74%. This study used a paired-watershed design and removed all leaf litter 

from one watershed by hand sweeping. These results support our finding that leaf litter 

leachates can contribute 80-88% of TDP winter loads. It is worth noting that this study 

was limited to warm season monitoring (April – Nov.), and did not include the effect of 

leaf litter removal on winter runoff events. 

The mass balance approach we used considers only leaf litter inputs to and 

soluble outputs from the street in meltwater, and did not address potential mobilization of 

other sources of nutrients within the watersheds. Lawns and boulevards could contribute 

to P export when they are hydrologically connected to street gutters. Additionally, storage 

of P can occur between streets and the stormwater outlet in catch basins, designed to trap 

material along this flowpath. We estimated the total kg P stored in all catch basins (in 

collaboration with CRWD, see CRWD 2012b for similar methods) in the watershed in 

fall 2014 before leaf drop to be 0.81 kg P. Based on our annual load data, this estimate 

represents ~10% of annual P export from AHUG, suggesting that this storage could 

represent an additional potential source of soluble P during snowmelt. It is unknown how 

this storage of P influenced the export of P we measured; however, our leaf litter 

decomposition data show that soluble P leaches quickly and it is therefore likely that the 

soluble P pool is lost from litter despite storage. 

Sources of N & P to snowmelt runoff 
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Our leaf litter decomposition data demonstrate that losses of dissolved N and P 

from leaf litter are decoupled in urban headwater streams – P is prone to leaching, 

whereas N release is likely more influenced by microbial immobilization and 

mineralization. These differences in N and P release likely influence the timing and form 

of winter TN and TP export from this watershed. Loading of N could be associated with 

leaf litter via microbial mineralization of litter and subsequent export of particulate N 

(along with P) during heavy precipitation events in spring, summer, and fall; these 

dynamics would not be captured by our short-term leaf litter incubations.  

The high concentrations and export of N we observed in snowmelt are likely 

related to leaching of leaf litter and transport of dissolved nutrients during snowmelt. TN 

concentrations were highest in early snowmelt and decreased in late snowmelt. This 

pattern of decreasing concentrations over time was not due to dilution by larger event 

runoff volumes, and indicates depletion of a source. A majority of TN in the winter 

samples was organic (50-80%), and early snowmelt samples tended to have higher 

fractions of organic N., as well.  

Data on carbon quality in snowmelt suggest that dissolved organic matter (DOM) 

was microbially derived. Spectral analysis of organic carbon sources (Specific Ultraviolet 

Absorbance, SUVA) in snowmelt samples from 2014 show that early snowmelt DOC had 

low SUVA values (Bratt, unpublished data). This indicates that early snowmelt DOM, 

which includes dissolved organic N, is dominated by low weight molecular compounds 

(Weishaar et al. 2003) and is therefore not directly terrestrial in origin (Wickland et al. 

2007). Together, these data—demonstrating high DON contributions to TN loads and the 

low aromaticity of DOM—suggest that snowmelt sources of TN were primarily 
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composed of microbially processed N that accumulated during late fall and/or winter and 

was flushed from street surfaces during initial phases of snowmelt. Studies in forested 

watersheds have similarly demonstrated that soil microbes release organic C and N due to 

freeze-thaw periods during snowmelt (Williams and Melack 1991, Brooks and Williams 

1999). Work in forested watersheds show that microbial processing of nutrients begins 

before plants are active in the spring (Zak et al. 1990) and it is likely that similar 

microbial activity is occurring on impervious surfaces as well.  

While spectral analysis of organic matter suggests microbial rather than terrestrial 

origin—potentially indicating microbial mineralization of leaf litter as an N source—

other potential sources of winter N loading in AHUG likely include pet waste(Fissore et 

al. 2011) and atmospheric deposition (Weathers et al. 2001, Groffman et al. 2004, Fang et 

al. 2011, Kaushal et al. 2011, Bettez et al. 2013, Hobbie et al. 2017). Data from fresh 

snow collected after multiple snowfall events in AHUG showed that snow was relatively 

low in N (7 events, mean: 0.6 mg/L TDN); snowmelt across years were an order of 

magnitude greater, suggesting additional sources beyond atmospheric deposition. Septic 

systems or leaking sanitary sewers can be important sources for N loading in urban 

watersheds (Hall et al. 2016), but we see no evidence that these sources are important to 

N loading in AHUG (see methods section and SI). Lawns were not connected to gutter 

runoff until the end of snowmelt (e.g. in 2014, not until late March, personal 

observation). Runoff from snow-covered lawns lags behind runoff along street edges (i.e. 

snowbanks) because of snow albedo and insulative capacity of the snowpack(Engineers 

1998). Thus, lawns in Minnesota do not contribute to snowmelt runoff until late-season 

events (Oberts 1994), suggesting that the high TN concentrations we observed during 
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early snowmelt could not be explained by runoff from lawn soils and turfgrass. These 

potential sources of N in urban watersheds warrant further study. 

In contrast to snowmelt N dynamics, P concentrations were high throughout 

snowmelt, suggesting continued P sources, possibly due to contributions from diverse 

sources. TDP loads dominated TP loading (60%), but this soluble P could come from 

both leaf litter and soils. We hypothesize that sources of soluble P shifted from leachates 

from leaves during early melt, to fine particulate matter release as more areas of the street 

thawed, and finally to contributions from lawns during late snowmelt. As asserted above, 

lawns were not physically connected by flowing water to the watershed outlet during 

early snowmelt and were therefore unlikely to contribute to early snowmelt events. 

Bierman and others (2009) showed that mean annual flow-weighted TP concentrations 

from unfertilized soils covered by turf grass in St. Paul were 0.95 and 1.08 mg/L in 

runoff over frozen and non-frozen soil, respectively. These concentrations are 

comparable to the high P concentrations observed at AHUG, supporting our hypothesis 

that soil P could be an important source of late snowmelt P. 

We demonstrated that leaching of soluble P from leaf litter could be an important 

contributor to the high snowmelt export of P in this developed, residential watershed. 

This is likely true in all temperate, urban watersheds that experience heavy leaf drop, 

regardless of snowpack. The role of snowpack is essentially to introduce a lag time by 

locking in nutrients until sufficient melt occurs to produce runoff. While we show 

potential importance of leaf litter leaching to TDP export, the fate of this P is still not 

clear. Along the urban headwater stream flowpath, SRP could be taken up in catch basins 

via sorption to material such as sediment and leaf litter in catch basins and be released 
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later. Additionally, N could be lost along this pathway via denitrification. These 

potentially important processes warrant further study. Overall, our work indicates that 

targeted street sweeping has the potential to be an important factor in managing this non-

point source of N and P and to mitigate local eutrophication, especially P export to local 

lakes and streams.  
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Figures 
 

 

Figure 10. Map of Arlington-Hamline (AHUG) watershed. 
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    2011/12        2012/13 

Figure 11. Effect of landscape position (catch basin, street gutter, lawn) and leaf 
type (maple, oak – only panels D, E, F) on proportion ash-free dry mass, 
phosphorus (P) and nitrogen (N) remaining in litter bags over time during winters 
2011/12 (A, B, C) and 2012/13 (D, E, F). Symbols indicate landscape position 
and lines indicate leaf type. Points represent mean values (n=3). Error bars 
represent ±1 standard error. Asterisk indicates significant differences between 

A D 

B 

C 

E 

F 

* 
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means at the p<0.01 level. The x-axis expresses time since leaf litter bags were 
deployed (22 February 2012 & 8 February 2013). 
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Figure 12. Proportion initial phosphorus (A) and nitrogen (B) lost from fresh maple and 
oak litter collected in AHUG watershed during fall 2012. Litter was leached in the lab for 
1 hour. Bar represent mean values (N=7) and error bars represent ±1 standard error. 
Asterisk indicates significant differences between means at the p<0.01 level. 
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Figure 13. Annual cumulative nutrient loads (May-April) of total phosphorus (A, TP) and 
total nitrogen (B, TN) from May 2012 through April 2014 from data collected at the 
outflow of AHUG watershed. Arrows indicate May to April interval over which 
cumulative loads were summed. Shading indicates winter period. 
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Figure 14. Concentrations of (A) total nitrogen (TN), (B) dissolved organic nitrogen 
(DON), (C) dissolved inorganic nitrogen (DIN), (D) particulate nitrogen (PN), and (E) 
total phosphorus (TP) during first 120 days of the year (day 0 = January 1) compiled 
across all available years (2012-2014) from data collected at the outflow of AHUG 
watershed. Lines represent trendline for significant negative effect of day of year on 
concentration (Repeated-measures ANOVA, p<0.001). 
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2012/13 2013/14 

Month 
TP load  

(kg) 
TN load  

(kg) 

Runoff 
volume 

(m3) 
TP load  

(kg) 
TN load  

(kg) 

Runoff 
volume 

(m3) 
May 2.6 (25) 20 (24) 

 

2.8 (19) 20 (17) 

 

June 1.1 (10) 6.7 (8.3) 1.9 (13) 17 (15) 
July 0.74 (7.1) 6.5 (8.2) 0.57 (3.9) 5.0 (4.3) 
Aug. 0.18 (1.7) 1.1 (1.4) 0.33 (2.3) 2.4 (2.1) 
Sep. 0.03 (0.34) 0.23 (0.29) 0.24 (1.6) 1.7 (1.5) 
Oct. 0.35 (3.3) 1.4 (1.8) 1.5 (10) 11 (9.8) 
Nov. 0.13 (1.3) 0.87 (1.1) 0.06 (0.43) 0.47 (0.41) 
Warm- 
season 
Total 5.1 (49) 36 (45) 

12,900 
(59) 7.3 (50) 58 (50) 

18,000 
(58) 

Dec. 0.22 (2.2) 2.7 (3.4) 

 

0.06 (0.42) 0.75 (0.65) 

 

Jan. 0.49 (4.7) 3.3 (4.2) 0.00 (0) 0.00 (0) 
Feb. 0.09 (0.9) 2.8 (3.5) 0.01 (0.06) 0.26 (0.23) 
March 3.5 (34) 27 (34) 4.3 (30) 38 (33) 
April 1.0 (9.8) 7.3 (9.2) 3.0 (20) 19 (16) 
Winter 
Total 5.3 (51) 43 (55) 

9,000 
(41) 7.3 (50) 57 (50) 

13,000 
(42) 

Yearly 
Total 10 80 21,900 

 
15 

 
120 31,200 

Table 5. Monthly and yearly total phosphorus (TP) and total nitrogen (TN) loads, and 
seasonal runoff volume exported from the study watershed from May 2012 through April 
2014 (2 years). Percentage of total annual load is given in parentheses. Winter months are 
in bold.  
 

Winter Leachable P 
(kg) 

Winter TDP 
export (kg) 

Winter PP 
export (kg) 

2012/13 3.4 (±0.29) 3.8 1.5 

2013/14 3.4 (±0.29) 4.2 3.1 

 
Table 6. Potential leaf litter contributions to winter export during winters 2012/13 and 
2013/14 using leaching estimates from this study, applied to mass of leaf litter present on 
streets as predicted by a model of street sweeping from Prior Lake municipal street 
sweeping study. Parenthetical error estimate of leachable P represents SEM generated 
from 100 model runs (see methods). Cumulative winter (December-April) total dissolved 
phosphorus (TDP) and particulate phosphorus (PP) export from AHUG watershed is 
included to contextualize leaf litter contributions. 



 79 

Bibliography 
Adriano, D. C. 1986. Trace elements in the terrestrial environment. - Spring-Verlag. 
Allison, R. A. et al. 1998. Nutrient contribution of leaf litter in urban stormwater. - J. 

Environ. Manage. 54: 269–272. 
Alvarez-Cobelas, M. et al. 2009. Phosphorus export from catchments: a global view. - J. 

North Am. Benthol. Soc. 28: 805–820. 
Arias, C. A. et al. 2001. Phosphorus Removal by Sands for use as Media in Subsurface 

Flow Constructed Reed Beds. - Water Res.: 1159–1168. 
Axler, R. P. et al. 1980. Stimulation of Nitrate Uptake and Photosynthesis by 

Molybdenum in Castle Lake , California. - Can. J. Fish. Aquat. Sci. 37: 707–712. 
Ayers, M. et al. 1985. Runoff and Chemical Loading in Small Watershed in the Twin 

Cities Metropolitan Area, Minnesota. - Water-resources Investig. Rep. 18-4122 
Baker, L. A. et al. 2008. Disproportionality as a Framework to Target Pollution 

Reduction from Urban Landscapes. - Cities Environ. 1: 1–15. 
Benfield, M. C. et al. 2007. Research on Automated Plankton Identification. - 

Oceanography 20: 172–187. 
Bergström, A. K. and Jansson, M. 2006. Atmospheric nitrogen deposition has caused 

nitrogen enrichment and eutrophication of lakes in the northern hemisphere. - Glob. 
Chang. Biol. 12: 635–643. 

Bettez, N. D. et al. 2013. Roads as nitrogen deposition hot spots. - Biogeochemistry 114: 
149–163. 

Bettez, N. D. et al. 2015. Climate Variation Overwhelms Efforts to Reduce Nitrogen 
Delivery to Coastal Waters. - Ecosystems 18: 1319–1331. 

Bierman, P. M. et al. 2009. Phosphorus Runoff from Turfgrass as Affected by 
Phosphorus Fertilization and Clipping Management. - J. Environ. Qual. 39: 282–
292. 

Bloom, A. 1985. Resource Limitation in Plants--An Economic Analogy. - Annu. Rev. 
Ecol. Syst. 16: 363–392. 

Borer, E. T. et al. 2014. Finding generality in ecology : a model for globally distributed 
experiments. - Methods Ecol. Evol. 5: 65–73. 

Brezonik, P. L. and Stadelmann, T. H. 2002. Analysis and predictive models of 
stormwater runoff volumes, loads, and pollutant concentrations from watersheds in 
the Twin Cities metropolitan area, Minnesota, USA. - Water Res. 36: 1743–1757. 

Brooks, P. D. and Williams, M. W. 1999. Snowpack controls on nitrogen cycling and 
export in seasonally snow-covered catchments. - Hydrol. Process. 13: 2177–2190. 

Cardinale, B. J. 2011. Biodiversity improves water quality through niche partitioning. - 
Nature 472: 86–89. 

Carpenter, S. R. and Bennett, E. M. 2011. Reconsideration of the Planetary Boundary for 
Phosphorus. - Environ. Res. Lett. 6: 1–12. 

Carpenter, S. R. et al. 1998. Nonpoint Pollution of Surface Waters with Phosphorus and 
Nitrogen. - Ecol. Appl. 8: 559–568. 

Chapin, F. 1980. The mineral nutrition of wild plants. - Annu. Rev. Ecol. Syst. 11: 233–
260. 

CMSCWD 2012. Square Lake Implementation Plan Refinement Project. 
Conley, D. J. et al. 2009. Ecology. Controlling eutrophication: nitrogen and phosphorus. - 

Science 323: 1014–5. 



 80 

Cordell, D. et al. 2009. The story of phosphorus: Global food security and food for 
thought. - Glob. Environ. Chang. 19: 292–305. 

Cowen, W. F. and Lee, G. F. 1973. Leaves as source of phosphorus. - Environ. Sci. 
Technol. 7: 853–854. 

CRWD 2010. Capitol Region Watershed District 2009 Monitoring Report. in press. 
CRWD 2012a. BMP Performance and Cost‐ Benefit Analysis: Capitol Region 

Watershed District Arlington Pascal Project 2007‐2010. 
CRWD 2012b. Arlington Pascal Project: Gross Solids Accumulation Study. 
CRWD 2013. Capitol region watershed district 2012 stormwater monitoring report. 
CRWD 2014. Capitol region watershed district 2013 stormwater monitoring report. 
Danger, M. et al. 2008. Does Liebig’s law of the minimum scale up from species to 

communities? - Oikos 117: 1741–1751. 
de Baar, H. J. W. 1994. von Liebig’s law of the minimum and plankton ecology (1899–

1991). - Prog. Oceanogr. 33: 347–386. 
Decker, K. L. M. and Boerner, R. E. J. 2006. Mass loss and nutrient release from 

decomposing evergreen and deciduous Nothofagus litters from the Chilean Andes. - 
Austral Ecol. 31: 1005–1015. 

Dillon, P. J. and Kirchner, W. B. 1975. The effects of geology and land use on the export 
of phosphorus from watersheds. - Water Res. 9: 135–148. 

Downs, T. M. et al. 2008. Responses of lake phytoplankton to micronutrient enrichment : 
a study in two New Zealand lakes and an analysis of published data. 70: 347–360. 

Duan, S. et al. 2012. Phosphorus export across an urban to rural gradient in the 
Chesapeake Bay watershed. - J. Geophys. Res. Biogeosciences 117: 1–12. 

Duan, S. et al. 2014. Potential effects of leaf litter on water quality in urban watersheds. - 
Biogeochemistry 121: 61–80. 

Dubrovsky, N.M., Burow, K.R., Clark, G.M., Gronberg, J.M., Hamilton P.A., Hitt, K.J., 
Mueller, D.K., Munn, M.D., Nolan, B.T., Puckett, L.J., Rupert, M.G., Short, T.M., 
Spahr, N.E., Sprague, L.A., and Wilber, W. G. 2010. The quality of our Nation’s 
waters—Nutrients in the Nation’s streams and groundwater, 1992–2004: U.S. 
Geological Survey Circular 1350, 174 p. 

Dunne, T. and Leopold, L. B. 1978. Water in Environmental Planning. - W.H. Freeman 
and Company. 

Echalar, F. et al. 1995. Aerosol emissions by tropical forest and savanna biomass 
burning: characteristic trace elements and fluxes. - Geophys. Res. Lett. 22: 3039–
3042. 

Elser, J. et al. 2007. Global analysis of nitrogen and phosphorus limitation of primary 
producers in freshwater, marine and terrestrial ecosystems. - Ecol. Lett. 10: 1135–
1142. 

Engineers, A. C. of 1998. Runoff from Snowmelt. 
Erickson, A. J. et al. 2007. Enhanced Sand Filtration for Storm Water Phosphorus 

Removal. - J. Environ. Eng. 133: 485–497. 
Fallon, J. and McNellis, R. 2000. Nutrients and suspended sediment in snowmelt runoff 

from part of the upper Mississippi River basin, Minnesota and Wisconsin, 1997. - 
Natl. Water-Quality Assess. Progr. 

Fang, Y. et al. 2011. Nitrogen deposition and forest nitrogen cycling along an urban-rural 
transect in southern China. - Glob. Chang. Biol. 17: 872–885. 



 81 

Fay, P. a. et al. 2015. Grassland productivity limited by multiple nutrients. - Nat. Plants 1: 
15080. 

Fissore, C. et al. 2011. The residential landscape: fluxes of elements and the role of 
household decisions. - Urban Ecosyst. 15: 1–18. 

Francoeur, S. et al. 1999. Nutrient limitation of algal biomass accrual in streams: seasonal 
patterns and a comparison of methods. - J. North … 18: 242–260. 

Galloway, J. et al. 2008. Transformation of the Nitrogen Cycle : Recent Trends, 
Questions, and Potential Solutions. - Science (80-. ). 320: 889–892. 

German, J. and Svensson, G. 2001. Street sweeping as a pollutant control measure. - 
Nouv. Technol. en Assain. pluvial. Conf. Int. 1: 383–90. 

Gessner, M. and Schwoerbel, J. 1989. Leaching kinetics of fresh leaf litter with 
implications for the current concept of leaf processing in streams. - Arch. für 
Hydrobiol. 115: 81–90. 

Gleeson, S. and Tilman, D. 1992. Plant allocation and the multiple limitation hypothesis. 
- Am. Nat. 139: 1322–1343. 

Goldman, C. R. 1964. Primary productivity and micro-nutrient limiting factors in some 
North American and New Zealand lakes. - Verhandlungen Int. Vereinigung Limnol. 
1 5: 365– 374. 

Goldman, C. 1972. The role of minor nutrients in limiting the productivity of aquatic 
ecosystems. - In: Likens, G. E. (ed), Proceedings of the symposium on nutrients and 
eutrophication: the limiting-nutrient controversy, American Society of Limnology 
andOceanography. pp. 21–23. 

Groffman, P. M. et al. 2004. Nitrogen Fluxes and Retention in Urban Watershed 
Ecosystems. - Ecosystems 7: 393–403. 

Gruner, D. S. et al. 2008. A cross-system synthesis of consumer and nutrient resource 
control on producer biomass. - Ecol. Lett. 11: 740–755. 

Hall, S. J. et al. 2016. Stream Nitrogen Inputs Reflect Groundwater Across a Snowmelt-
Dominated Montane to Urban Watershed. - Environ. Sci. Technol. 50: 1137–1146. 

Harpole, W. S. et al. 2011. Nutrient co-limitation of primary producer communities. - 
Ecol. Lett. 14: 852–62. 

Harpole, W. S. et al. 2016. Addition of multiple limiting resources reduces grassland 
diversity. - Nature: 1–9. 

Hedges, L. V et al. 1999. The Meta-Analysis of Response Ratios in Experimental 
Ecology. - Ecology 80: 1150–1156. 

Henze, M. and Comeau, Y. 2008. Wastewater Characterization. - In: Henze, M. et al. 
(eds), Biological Wastewater Treatment: Principles Modelling and Design. IWA 
Publishing, pp. 33–52. 

Hessen, D. O. et al. 2013. Ecological stoichiometry: An elementary approach using basic 
principles. - Limnol. Oceanogr. 58: 2219–2236. 

Hobbie, S. E. et al. 2014. Decomposition of tree leaf litter on pavement: implications for 
urban water quality. - Urban Ecosyst. in press. 

Hobbie, S. E. et al. 2017. Contrasting nitrogen and phosphorus budgets in urban 
watersheds and implications for managing urban water pollution. - Proc. Natl. Acad. 
Sci. 114: 4177–4182. 

Howarth, R. W. and Marino, R. 2006. Nitrogen as the limiting nutrient for eutrophication 
in coastal marine ecosystems: Evolving views over three decades. - Limnol. 



 82 

Oceanogr. 51: 364–376. 
Hutchinson, G. 1961. The paradox of the plankton. - Am. Nat. 95: 137–145. 
Interlandi, S. and Kilham, S. 2001. Limiting resources and the regulation of diversity in 

phytoplankton communities. - Ecology 82: 1270–1282. 
Isbell, F. et al. 2013. Nutrient enrichment , biodiversity loss , and consequent declines in 

ecosystem productivity. in press. 
Janke, B. D. et al. 2014. Contrasting influences of stormflow and baseflow pathways on 

nitrogen and phosphorus export from an urban watershed. - Biogeochemistry 121: 
209–228. 

Kalinosky, P. M. 2015. Quantifying Solids and Nutrient Recovered Through Street 
Sweeeping in a Suburban Watershed. 

Kalinosky, P., L.A. Baker, S. E. Hobbie, R. 2014. User Support Manual: Estimating 
Nutrient Removal by Enhanced Street Sweeping. Report to the Minnesota Pollution 
Control Agency. 

Kaushal, S. S. et al. 2011. Tracking nonpoint source nitrogen pollution in human-
impacted watersheds. - Environ. Sci. Technol. 45: 8225–32. 

Kayser, M. and Isselstein, J. 2005. Potassium cycling and losses in grassland systems : a 
review. - Grass Forage Sci. 60: 213–224. 

Keck, F. and Lepori, F. 2012. Can we predict nutrient limitation in streams and rivers? - 
Freshw. Biol. 57: 1410–1421. 

Lajeunesse, M. J. and Forbes, M. R. 2003. Variable reporting and quantitative reviews : a 
comparison of three meta-analytical techniques. - Ecol. Lett. 6: 448–454. 

Lewis, W. M. and Wurtsbaugh, W. a. 2008. Control of Lacustrine Phytoplankton by 
Nutrients: Erosion of the Phosphorus Paradigm. - Int. Rev. Hydrobiol. 93: 446–465. 

Lewis, W. M. et al. 2011. Rationale for control of anthropogenic nitrogen and phosphorus 
to reduce eutrophication of inland waters. - Environ. Sci. Technol. 45: 10300–5. 

Liebig, J. von 1840. Organic chemistry in its application to vegetable physiology and 
agriculture. - In: Readings in ecology. Prentice Hall, in press. 

Liebig, J. von 1855. Principles of Agricultural Chemistry. - Walton & Maberly. 
Marcarelli, A. M. and Wurtsbaugh, W. a. 2007. Effects of upstream lakes and nutrient 

limitation on periphytic biomass and nitrogen fixation in oligotrophic, subalpine 
streams. - Freshw. Biol. 52: 2211–2225. 

Marsalek, J. et al. 2003. Review Of Operation Of Urban Drainage Systems In Cold 
Weather: Water Quality Considerations. - Water Sci. Technol. 48: 11–20. 

McComb, A. J. et al. 2007. Catchment litter: A phosphorus source mobilized during 
seasonal rainfall. - Nutr. Cycl. Agroecosystems 77: 179–186. 

McDonnell, M. J. et al. 1997. Ecosystem processes along an urban to rural gradient. - 
Urban Ecosyst. 1: 21–36. 

Meier, C. L. et al. 2008. Carbon flux from plants to soil: Roots are a below-ground source 
of phenolic secondary compounds in an alpine ecosystem. - J. Ecol. 96: 421–430. 

Menge, D. et al. 2012. Nitrogen and Phosphorus Limitation over Long-Term Ecosystem 
Development in Terrestrial Ecosystems. - PLoS One 7: e42045. 

Meyer, J. L. et al. 2005. Stream ecosystem function in urbanizing landscapes. - J. North 
Am. Benthol. Soc. 24: 602–612. 

Minnesota Conservation Department 1968. An Inventory of Minnesota Lakes. 
Mitchell, M. J. et al. 1996. Climatic Control of Nitrate Loss from Forested Watersheds in 



 83 

the Northeast United States. - Environ. Sci. Technol. 30: 2609–2612. 
Moore, C. M. et al. 2013. Processes and patterns of oceanic nutrient limitation. - Nat. 

Geosci. 6: 701–710. 
Morel, F. M. M. et al. 1994. Zinc and carbon co-limitation of marine phytoplankton. - 

Lett. to Nat. 369: 740–742. 
MPCA 2007. Twin and Ryan Lakes Nutrient TMDL. 
MPCA 2009. Peltier Lake. 
MPRB 2012. 2011 Water resources report. 
 1996. MSP Long Term Comprehensive Plan Update. 
North, R. L. et al. 2007. Evidence for phosphorus, nitrogen, and iron colimitation of 

phytoplankton communities in Lake Erie. - Limnol. Oceanogr. 52: 315–328. 
Oberts, G. 1982. Water Resources Management: Nonpoint Source Pollution Technical 

Report. Publ. No. 10-82-016. 
Oberts, G. 1994. Influence of snowmelt dynamics on stormwater runoff quality. - 

Watershed Prot. Tech. 1: 55–61. 
Paerl, H. W. et al. 2014. Evolving Paradigms and Challenges in Estuarine and Coastal 

Eutrophication Dynamics in a Culturally and Climatically Stressed World. - 
Estuaries and Coasts 37: 243–258. 

Pallardy, J. et al. 2013. Upper Cannon Lakes Excess Nutrient TMDL : Jefferson-German 
Lake Chain. 

Payne, G. A. et al. 1982. Quality of runoff from small watersheds in the Twin Cities 
Metropolitan Area, Minnesota-Hydrologic data for 1980. 

Pellerin, B. A. et al. 2012. Taking the pulse of snowmelt: In situ sensors reveal seasonal, 
event and diurnal patterns of nitrate and dissolved organic matter variability in an 
upland forest stream. - Biogeochemistry 108: 183–198. 

Ptacnik, R. et al. 2010. Performance of the Redfield Ratio and a Family of Nutrient 
Limitation Indicators as Thresholds for Phytoplankton N vs. P Limitation. - 
Ecosystems 13: 1201–1214. 

R Core Team 2013. R: A language and environment for statistical computing. in press. 
Rastetter, E. and Shaver, G. 1992. A model of multiple-element limitation for acclimating 

vegetation. - Ecology 73: 1157–1174. 
Rauch, J. N. and Graedel, T. E. 2007. Earth ’ s anthrobiogeochemical copper cycle. - 

Global Biogeochem. Cycles 21: 1–13. 
Reich, P. B. et al. 1991. Leaf Age and Season Influence the Relationships Between Leaf 

Nitrogen, Leaf Mass Per Area and Photosynthesis in Maple and Oak Trees. - Plant 
Cell Environ. 14: 251–259. 

Romero, I. C. et al. 2013. Potential trace metal co-limitation controls on N2 fixation and 
NO-3 uptake in lakes with varying trophic status. - Front. Microbiol. 4: 1–12. 

Saito, M. et al. 2008. Some thoughts on the concept of colimitation: Three definitions and 
the importance of bioavailability. - Limnol. … 53: 276–290. 

Saito, M. A. et al. 2012. Some thoughts Three definitions on the concept of colimitation : 
and the importance of bioavailability. 53: 276–290. 

Sardans, J. and Peñuelas, J. 2015. Potassium : a neglected nutrient in global change. - 
Glob. Ecol. Biogeogr. 24: 261–275. 

Schallenberg, M. and Burns, C. W. 2001. Tests of autotrophic picoplankton as early 
indicators of nutrient enrichment in an ultra-oligotrophic lake. - Freshw. Biol. 46: 



 84 

27–37. 
Schindler, D. 1977. Evolution of phosphorus limitation in lakes. - Science (80-. ). in 

press. 
Schindler, D. W. 2006. Recent advances in the understanding and management of 

eutrophication. - Limnol. Oceanogr. 51: 356–363. 
Schindler, D. 2012a. The dilemma of controlling cultural eutrophication of lakes. - Proc. 

R. Soc. B Biol. Sci. 279: 4322–4333. 
Schindler, D. W. 2012b. The dilemma of controlling cultural eutrophication of lakes. - 

Proc. Biol. Sci. 279: 4322–33. 
Schindler, D. W. et al. 2008. Eutrophication of lakes cannot be controlled by reducing 

nitrogen input: results of a 37-year whole-ecosystem experiment. - Proc. Natl. Acad. 
Sci. U. S. A. 105: 11254–8. 

Schindler, D. E. et al. 2009. Responses to Conley et al. 2009. - Science (80-. ). 324: 721–
725. 

Schindler, D. W. et al. 2012. The dilemma of controlling cultural eutrophication of lakes.: 
4322–4333. 

Schindler, D. W. et al. 2016. Reducing Phosphorus to Curb Lake Eutrophication is a 
Success. in press. 

Scott, J. T. and McCarthy, M. J. 2010. Nitrogen fixation may not balance the nitrogen 
pool in lakes over timescales relevant to eutrophication management. - Limnol. 
Oceanogr. 55: 1265–1270. 

Selbig, W. R. 2016. Evaluation of leaf removal as a means to reduce nutrient 
concentrations and loads in urban stormwater. - Sci. Total Environ. 571: 124–133. 

Senesi, G. S. et al. 1999. Trace Elements Inputs into Soils by Anthropogenic Activities 
and Implication for Human Health. - Chemosphere 39: 343–377. 

Song, K. et al. 2015. The fingerprints of urban nutrients: dynamics of phosphorus 
speciation in water flowing through developed landscapes. - Biogeochemistry 125: 
1–10. 

Staehr, P. et al. 2010. Lake metabolism and the diel oxygen technique : State of the 
science. - Limnol. Ocean. Methods Methods: 628–644. 

Steltzer, H. and Bowman, W. D. 2005. Litter N retention over winter for a low and a high 
phenolic species in the alpine tundra. - Plant Soil 275: 361–370. 

Sterner, R. W. and Elser, J. J. 2002. Ecological stoichiometry: The biology of elements 
from molecules to the biosphere. - Princeton University Press. 

Sterner, R. W. et al. 2008a. Scale-dependent carbon:nitrogen:phosphorus seston 
stoichiometry in marine and freshwaters. - Limnol. Oceanogr. 53: 1169–1180. 

Sterner, R. W. et al. 2008b. On the Phosphorus Limitation Paradigm for Lakes. - Int. Rev. 
Hydrobiol. 93: 433–445. 

Sunda, W. G. and Huntsman, S. A. 1998. Interactive effects of external manganese , the 
toxic metals copper and zinc , and light in controlling cellular manganese and 
growth in a coastal diatom. - Proc. Natl. Acad. Sci. 43: 1467–1475. 

SWWD 2011. Colby Lake Water Quality Monitoring Report. 
Tank, J. L. and Dodds, W. K. 2003. Nutrient limitation of epilithic and epixylic biofilms 

in ten North American streams. - Freshw. Biol. 48: 1031–1049. 
Turner, R. E. and Rabalais, N. N. 2013. Nitrogen and phosphorus phytoplankton growth 

limitation in the northern Gulf of Mexico. - Aquat. Microb. Ecol. 68: 159–169. 



 85 

Twiss, M. R. et al. 2000. An investigation into iron-stimulated phytoplankton 
productivity in epipelagic Lake Erie during thermal stratification using trace metal 
clean techniques. 95: 86–95. 

United States Environmental Protection Agency 2009. National Water Quality Inventory: 
Report to Congress.: 43. 

USEPA 2015. Preventing Eutrophication : Scientific Support for Dual Nutrient Criteria. 
Vanni, M. J. et al. 2011. Nutrient stoichiometry of linked catchment-lake systems along a 

gradient of land use. - Freshw. Biol. 56: 791–811. 
Vitousek, P. M. et al. 1997. Human alteration of the global nitrogen cycle: Sources and 

consequences. - Ecol. Appl. 7: 737–750. 
Waller, D. 1977. Effects of urbanization on phosphorus flows in a residential system. - 

Eff. Urban. Ind. Hydrol. Regime Water Qual.: 52–58. 
Walsh, C. J. et al. 2005. The urban stream syndrome: current knowledge and the search 

for a cure. - J. North Am. Benthol. Soc. 24: 706. 
Weathers, K. C. et al. 2001. Forest Edges as Nutrient and Pollutant Concentrators: 

Potential Synergisms between Fragmentation, Forest Canopies, and the Atmosphere. 
- Conserv. Biol. 15: 1506–1514. 

Webster, J.R., Benfield, E.F., Ehrman, T.P., Schaeffer, M.A., Tank, J.L., Hutchens, J.J., 
D`Angelo, D. J. 1999. What happens to allochthonus material that falls into stream? 
A synthesis of new and published indormation from Coweeta. - Freshw. Biol. 41: 
687–705. 

Weishaar, J. L. et al. 2003. Evaluation of specific ultraviolet absorbance as an indicator 
of the chemical composition and reactivity of dissolved organic carbon. - Environ. 
Sci. Technol. 37: 4702–8. 

Welschmeyer, N. A. 1994. Fluorometric analysis of chlorophyll a in the presence of 
chlorophyll b and pheopigments. - Limnol. Oceanogr. 39: 1985–1992. 

Wetzel, R. G. and Manny, B. A. 1972. Decomposition of dissolved organic carbon and 
nitrogen compounds from leaves in an experimental hard-water stream. - Limnol. 
Oceanogr. 17: 927–931. 

Wickland, K. P. et al. 2007. Dissolved organic carbon in Alaskan boreal forest: Sources, 
chemical characteristics, and biodegradability. - Ecosystems 10: 1323–1340. 

Wieder, R. K. and Lang, G. E. 1982. A critique of the analytical methods used in 
examining decomposition data obtained from litter bags. - Ecology 63: 1636–1642. 

Williams, M. W. and Melack, J. M. 1991. Solute chemistry of snowmelt and runoff in an 
Alpine Basin, Sierra Nevada. - Water Resour. Res. 27: 1575–1588. 

Wurtsbaugh, W. A. and Horne, A. J. 1983. Iron in Eutrophic Clear Lake, California: Its 
Importance for Algal Nitrogen Fixation and Growth. - Can. J. Fish. Aquat. Sci. 40: 
1419–1429. 

Wyatt, K. H. et al. 2010. The importance of nutrient co-limitation in regulating algal 
community composition, productivity and algal-derived DOC in an oligotrophic 
marsh in interior Alaska. - Freshw. Biol. 55: 1845–1860. 

Zak, D. R. et al. 1990. The Vernal Dam: Plant-Microbe Competition for Nitrogen in 
Northern Hardwood Forests. - Ecology 71: 651–656. 

 
  



 86 

Appendix 

 

Figure S1. Map showing 120 sites included in global meta-analysis. Points represent 

locations of studies. 
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Figure S-2. Histogram of elements studied by system. “Micro” is a combination of 

nutrients other than nitrogen and phosphorus added together as a slurry. 
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Table S-1. Information on 38 published studies (which contained the 120 unique 

experiments) included in meta-analysis. 

 Authors 
(Publication 

Date) 

Elements Studied Ecosystem 
Category 

Type of Study 

1 Ault et al. (2000) N, P, Si estuary lab incubation of 
lake water 

2 Brenchley & 
Warington (1958) 

N, P, K, Mg, Na grassland field 
manipulation 

3 Chessman et al. 
(1992) 

N, P,  
(Ca, Mg, K, S, Fe, 
Mn, Co, Cu, Mo, 
Zn) 

freshwater nutrient diffusing 
substrate 

4 Fay et al. (2015) 
42 sites 

N, P, K grassland field 
manipulation 

5 Fox & Morrow 
(1992) 

N, P, K temperate 
forest 

field 
manipulation 

6 Gleeson & Good 
(2003) 

N, P,  
(K, Ca, Mg, S, B, 
Cu, Fe, Mn, Mo, 
Zn) 

temperate 
forest 

field 
manipulation 

7 Guildford et al. 
(2003) 

N, P, Fe, Si freshwater lab incubations of 
lake water 

8 Hameed et al. 
(1999) 

N, Mo freshwater lab incubation of 
lake water 

9 Harpole & 
Suding (2011) 

N, P, K 
(B, Ca, Cu, Fe, Mg, 
Mn, Mo, S, Zn) 

grassland field 
manipulation 

10 Harpole & 
Tilman (2007) 

N, P,  
(K, Mg, and Ca), 
water 

grassland field 
manipulation 

11 Hartley & 
Mitchell (2005) 

N, P, K grassland field 
manipulation 

12 Hayati & Proctor 
(1991) 

N, P, K peatland greenhouse 
factorial addition 

13 Herbert  & 
Fownes (1995) 

N, P,  
(K, Ca, Mg, S, Fe, 
Mn, Zn, Cu, B) 

tropical 
forest 

field 
manipulation 

14 Hillebrand (1999)   
PhD thesis 

N, P, Si marine field 
manipulation 
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15 Huenneke et al. 
(1990) 

N, P,  
(Ca, Cl, Mg, S, K, 
Cl, Fe, B, Cu, Mn, 
Zn, Na, Mo) 

grassland field 
manipulation 

16 Kiehl, Esselink, 
& Bakker (1997) 

N, P, K estuary field 
manipulation 

17 Lowe et al. 1986 N, P, Ca freshwater nutrient diffusing 
substrate 

18 Maestrini et al. 
(1998) 

N, P, Fe, Si, (Co, 
Mg, Mo) 

marine lab incubation of 
sea water 

19 Miragaya et al 
(1983) 

N, P, K savanna field 
manipulation 

20 Oein (2004) N, P, K grassland field 
manipulation 

21 Olde Venterink, 
et al. (2001)  

N, P, K wetland field 
manipulation 

22 Priscu et al. 
(1982) 

N, P, Fe 
 

freshwater lab incubation of 
lake water 

23 Raich et al. 
(1996) 

N, P,  
(Ca, K, Mn, Zn, Cu, 
Mg, B, S, Fe) 

tropical 
forest 

field 
manipulation 

24 Ren et al. (2010) N, P, K grassland field 
manipulation 

25 Robarts et al. 
1998 

N, P, Fe freshwater lab incubation of 
lake water 

26 Santiago et al. 
(2012) 

N, P, K  tropical 
forest 

field 
manipulation 

27 Sarmiento et al. 
2006 

N, P, K, S grassland field 
manipulation 

28 Sommer (2000) N, P, Si marine lab incubation of 
sea water 

29 Sterner (1994) N, P, Si, (Fe, Mn, 
Zn, Mo, Co, Cu, B) 

freshwater lab incubation of 
reservoir water 

30 Turitzin (1982) N, P, (K, S), Ca grassland field and lab 
manipulation 

31 Verhoeven & 
Schmitz (1991) 

N, P, K grassland field 
manipulation 

32 Vitousek & 
Farrington (1997) 

N, P,  
(Ca, Mg, S, K, Cl 
Fe, Mn, Mo, Zn, 
Cu, B) 

tropical 
forest 

field 
manipulation 

33 Vitousek et al. 
(1993) 

N, P,  
(K, Ca, Mg, Mn, 
Zn, Cu, B, Mo) 

tropical 
forest 

field 
manipulation 
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34 Vrede & Tranvik 
(2006) 

N, P, Fe freshwater lab incubation of 
lake water 

35 Willems et al. 
1993 

N, P, O  
(K, Ca, S, Mg, Zn, 
Mn, Cu, Fe, B, Mo) 

grassland field 
manipulation 

36 de Wever et al. 
2008 

N, P, Fe freshwater lab incubation of 
lake water 

37 Wright et al. 
(2011) 

N, P, K tropical 
forest 

field 
manipulation 

38 Wyatt et al. 
(2010) 

N, P, Si wetland mesocosm 
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Table S-2. Results form covariate analyses.  
Covariate Model 

R2 
Estimat

e 
T-value P-value 

Habitat  

(Herbaceous) 

 

0.15 -0.72 -2.0 0.04* 

 Fertilization area 

 

0.22 -0.12 -13.9 <2e-16*** 

 Duration 0.15 -0.17 -12.3 <2e-16*** 

 Elevation 

 

0.00 -0.01 -0.63 0.53 

 Total N 

 

0.00 0.00 -0.17 0.86 

 Total P 

 

0.00 0.02 0.98 0.33 

 TN:TP 

 

0.04 -0.14 -2.8 0.006** 

 Soil pH 

 

0.00 0.04 1.3 0.18 

 MAT 

 

0.03 0.03 4.91 1.09e-
06*** 

 Temperature 

seasonality 

 

0.00 0.001 1.07 0.28 

 MAP 

 

0.00 -0.12 -2.60 0.01** 

Precipitation 0.04 -0.28 -5.67 1.99e-
08*** 
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