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Abstract This study evaluated the contribution of

winter rain-on-snow (ROS) events to annual and

seasonal nitrate (N-NO3) export and identified the

regional meteorological drivers of inter-annual vari-

ability in ROS N-NO3 export (ROS-N) at 9 headwater

streams located across Ontario, Canada and the

northeastern United States. Although on average only

3.3 % of annual precipitation fell as ROS during

winter over the study period, these events contributed

a significant proportion of annual and winter N-NO3

export at the majority of sites (average of 12 and 42 %,

respectively); with the exception of the most northern

catchment, where total winter precipitation was

exceptionally low (average 77 mm). In years with a

greater magnitude of ROS events, the timing of the

peak N-NO3 export period (during spring melt) was

redistributed to earlier in the year. Variability in ROS

frequency andmagnitude amongst sites was high and a

generalised linear model demonstrated that this spatial

variability could be explained by interactive effects

between regional and site-specific drivers. Snowpack

coverage was particularly important for explaining the

site-specific ROS response. Specifically, ROS events

were less common when higher temperatures elimi-

nated snow cover despite increasing the proportion of

winter rainfall, whereas ROS event frequency was

greater at sites where sufficient snow cover remained.

Responsible Editor: Jacques C. Finlay

Electronic supplementary material The online version of
this article (doi:10.1007/s10533-016-0255-z) contains supple-
mentary material, which is available to authorized users.

J. Crossman (&) � M. Catherine Eimers

School of the Environment, Trent University, West Bank

Drive, Peterborough, ON K9J 7B8, Canada

e-mail: jillcrossman@trentu.ca

N. J. Casson

Department of Geography, University of Winnipeg,

Portage Avenue, Winnipeg, MN R3B 2E9, Canada

D. A. Burns

New York Water Science Center, US Geological Survey,

425 Jordan Rd., Troy, New York 12180, USA

J. L. Campbell

Northern Research Station, USDA Forest Service, 271

Mast Rd, Durham, NH 03824, USA

G. E. Likens

Cary Institute of Ecosystem Studies, Millbrook,

NY 12545, USA

G. E. Likens

Department of Ecology and Evolutionary Biology,

University of Connecticut, Storrs 06269, USA

M. J. Mitchell

State University of New York, College of Environmental

Science and Forestry, Syracuse, New York 13210, USA

S. J. Nelson

School of Forest Resources, University of Maine, 5755

Nutting Hall, Orono, ME 04469, USA

123

Biogeochemistry (2016) 130:247–265

DOI 10.1007/s10533-016-0255-z

http://orcid.org/0000-0003-2679-5991
http://dx.doi.org/10.1007/s10533-016-0255-z
http://crossmark.crossref.org/dialog/?doi=10.1007/s10533-016-0255-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10533-016-0255-z&amp;domain=pdf


This research suggests that catchment response to

changes in N deposition is sensitive to climate change;

a vulnerability which appears to vary in intensity

throughout the seasonally snow-covered temperate

region. Furthermore, the sensitivity of stream N-NO3

export to ROS events and potential shifts (earlier) in

the timing of N-NO3 export relative to other nutrients

affect downstream nutrient stoichiometry and the

community composition of phytoplankton and other

algae.

Keywords Rain-on-snow � Nitrate � Meteorological

drivers

Introduction

Climate change projections for the seasonally snow-

covered portion of northeastern North America sug-

gest that seasonality of streamflow will likely be

impacted by increasing winter temperatures (Barnett

et al. 2005; Hayhoe et al. 2007). Warmer winters could

have a range of associated effects, many of which have

already been observed over the 20th century (Cayan

et al. 2001), including significant advances in the

timing of spring snowmelt (as indicated by the date of

winter-spring center of volume; Hodgkins and Dudley

2006) and increases in the proportion of rain versus

snow (Huntington et al. 2004). Meteorological

changes during the so-called ‘dormant’ season could

have substantial impacts on soil biogeochemical

cycling and surface water quality (Campbell et al.

2010), and stream nitrate (N-NO3) concentrations

appear to be particularly sensitive to winter events. For

example, high stream N-NO3 concentrations follow-

ing extreme soil frost events have been attributed to

declines in the depth of insulating snow cover, which

disrupt soil microbial processes, alter soil structure,

reduce root uptake, and cause increases in fine root

turnover (Mitchell et al. 1996; Fitzhugh et al. 2001;

Campbell et al. 2014). Rain-on-snow events also have

been associated with substantial streamN-NO3 export,

as both the snowpack and winter rain events are

relatively enriched in NO3, which appear to be

transported rapidly to streams in winter runoff, with

limited soil interactions (Maclean et al. 1995; Eimers

et al. 2007; Sebestyen et al. 2008; Casson et al. 2010).

These studies have also shown that N-NO3 exported in

ROS events can deplete the snowpack N pool,

resulting in a lower proportion of N-NO3 being

exported in the ensuing spring melt event, which

typically accounts for 30–60 % of annual stream flow

(e.g. Casson et al. 2010; Likens 2013). In contrast,

ROS events are not an important source of either

phosphorus (TP) or dissolved organic carbon (DOC)

export to stream water—suggesting that nutrient

stoichiometry (e.g. N:P ratios) in surface waters may

be altered in years with substantial ROS N-export

(Casson et al. 2012). Alterations in this stoichiometry

can affect phytoplankton species composition (Sick-

man et al. 2003; Hendzel et al. 2011); even small

changes in N-NO3 ratios can have significant impacts

(Sheibley et al. 2014), including increased growth of

N-limited species such as cyanobacteria (Nelson

2009). Pulses in N-NO3 export following ROS events

are also associated with substantial declines in stream

pH and alkalinity (Eimers et al. 2007), with potential

consequences for aquatic life (e.g. Baldigo and

Mudoch 1997).

Whilst current global N-NO3 deposition rates are

approximately half of 1990s levels (Vet et al. 2014)

owing to declines in emissions occurring since around

the beginning of the 21st century, the response of

stream N-NO3 has been variable (Kothawala et al.

2011). Some studies have reported an immediate

response in stream water N-NO3 concentration to

declines in deposition (e.g. Kothawala et al. 2011),

while at other sites declines in stream water N-NO3

preceded those in deposition (Goodale et al. 2003),

leading to substantial uncertainty over the prevalence

of regional drivers. As stream N-NO3 concentrations

in catchments within northeastern North America tend

to be highest during the winter-spring period, and the

bulk of annual N-NO3 export occurs during the spring

snow melt, changes in winter-spring N dynamics may

help to explain some of the spatial and temporal

variability in stream N-NO3 concentrations. However,

with the exception of a few sites in south-central
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Ontario, the contribution of ROS events to stream

N-NO3 budgets, and their sensitivity to climate

change, has not been evaluated, and importantly there

have been few large-scale regional investigations of

the drivers of winter-spring N-NO3 export.

Therefore, this study was designed to answer the

following questions:

– Does winter ROS-N export constitute a significant

component of annual N-NO3 export across Ontario

and the northeastern United States?

– Does winter ROS-N affect winter in-stream pH

and Al concentrations at all catchments?

– What are the regional meteorological drivers

affecting interannual variability in winter ROS-N

export?

– Does the magnitude of winter N-NO3 export

sourced from ROS events influence the magnitude

of the ensuing spring N-NO3 pulse across all

catchments?

Methods

Site description

The nine study sites (Fig. 1) are 1st to 3rd order

catchments, and span gradients of N-NO3 deposition,

winter temperature, precipitation, length of snow-

cover and magnitude of the spring freshet (Table 1).

The 20-year period 1990/91–2009/10 (hydrological

year: June 1–May 31) was selected for analysis

because it is the period of longest coincident moni-

toring across sites. Catchment areas range from 6.7 to

990 ha. All sites are predominantly forested, though

sites TLW37, SR, PC and BBWM contain larger areas

of forested wetlands, covering between 5 and 12 % of

each catchment. All sites have a temperate climate

(Köppen-Geiger Dfb), although site ELA is signifi-

cantly cooler and drier (by 5.3 �C and 172 mm) than

the study-wide annual average. Average winter (De-

cember-February) temperatures over the hydrological

year 1990/91–2009/10 ranged from -13.3 �C (ELA)

to -5.8 �C (CT), and average summer (June- August)

temperatures ranged from 16.7 �C (ELA) to 19.3 �C
(BBWM). Mean annual precipitation ranged from

745 mm (ELA) to 1658 mm (CT), of which 10 %

(ELA) and 16 % (CT) fell as snow between the

months of December and February. Of total annual

runoff, 37 to 58 % was delivered during the spring

(March- May; Online supplementary material 2a); this

time period also accounted for 45 to 80 % of the

annual N-NO3 load (Online supplementary material

2b). Average in-stream pH and Al concentrations

during winter ranged from 4.4 and 380 lg/l respec-
tively (PC) to 7.7 (SR) and 29.2 lg/l (TLW32).

Identification and quantification of winter ROS

events

To identify ROS events, winter meteorological data

were analysed from 1990/91 to 2009/10 at all study

sites; with the exception of site SRwhere records began

in 1991. Precipitation solute fluxes were calculated

using monthly average concentrations collected from

monitoring stations located within the study water-

sheds, multiplied by observed total monthly precipita-

tion; with the exception of site BBWM,wheremonthly

input fluxes were calculated using methods described

in Kahl et al. (1999). Although daily stream flow data

were available, the frequency of in-stream chemistry

sampling ranged from sub-daily to weekly (additional

site-specific monitoring details are provided in Online

supplementary material 1). Thus the midpoint method

(Scheider et al. 1978) was used at all sites to calculate

daily stream chemistry data (N-NO3, Al and pH) from

available records, where an unknown concentration

was assumed to equal that of the closest sampling date

(Casson et al. 2010; O’Connor et al. 2011). Daily

stream N-NO3 concentrations were then multiplied by

daily stream flow to obtain stream exports. This same

method was used in all streams in order to ensure

consistency across stations. As a result, the stream

export values of some sites reported here may differ

slightly from those published previously.

ROS events were calculated using precipitation,

temperature, snowpack depth and stream flow data.

Where local meteorological stations did not supply

rainfall data separate from that of total precipitation, and

in the absence of daily snowfall measurements, propor-

tions of precipitation falling as rain and snow were

derived from observed temperature and precipitation

records using a simple degree-day snowmelt model,

described in more detail in Kokkonen et al. (2006). In

summary, below a threshold ‘‘snowfall’’ temperature, all

precipitation was assumed to fall as snow. Above this

threshold, proportions of precipitation were simulated as

rainfall, which increased linearly with air temperature.
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Snowmelt was simulated as a melt rate (mm/day)

occurring above a threshold ‘‘snowmelt’’ temperature.

The simulated snowmelt temperature thresholds at the 9

studysites ranged from-0.5 to4 �C; likelydue at least in
part to differences between the location of the meteoro-

logical station and that of snowpackmeasurement (e.g. in

elevation) (Fontaine et al. 2002). Snowpack accumula-

tion was simulated using the daily mass balance of snow

fall minus snowmelt. Results were validated using

observed data, including snowpack depthmeasurements

(Online supplementary material 3) and, where available,

daily snow fall (cm). Correction coefficients were

included in themodel, both for rainfall and for snowmelt;

to allow for localised effects such as wind, forest

interception and orographic enhancement over rain

gauges (Fontaine et al. 2002; Kokkonen et al. 2006).

Using this snow accumulation (snowpack depth) and

rainfall data, occasions when rainfall occurred on snow

coveredgroundwere identified and eachhydrographwas

visually inspected for a rapid increase in flow following

themethods of Casson et al. (2010).When a peak in flow

was observed, precipitation from ROS events (ROS-P)

was quantified as the daily input of rainfall (mm); and

discharge (ROS-Q) andN-NO3export (ROS-N) from the

eventwere quantified as the sums of daily fluxes over the

duration of the event hydrograph (Eimers et al. 2007).

Total seasonal and annual N-NO3 exports were also

calculated to quantify the relative significance of winter

ROS-N events. In addition, both themaximum in-stream

Al concentrations andminimum stream pHduring ROS-

Q events, and averagewinter conditionswere calculated.

The frequency and volume of ROS-P events were

calculated as the annual total number of ROS-P events

and annual total volume of rainfall originating fromROS

events respectively.

Identification of regional drivers of winter ROS

events

To identify relationships between meteorological vari-

ables and ROS events at each site, a bivariate correlation

matrix was initially applied across ROS events and

associated winter meteorological conditions for all years

between 1990/91 and 2009/10. The bivariate analysis

was also applied across all sites, to determine the spatial

variability in relationships. All meteorological variables

Fig. 1 Site schematic of catchment locations throughout

southeastern Ontario and the northeastern United States.

Provincial and State boundary files provided by Statistics

Canada (2011) and the United States Census Bureau ( 2014).

(CT Catskills, SR Sleepers River, HB Hubbard Brook, BBWM

Bear Brook Watershed Mainem, PC Plastic, HP Harp, TLW37

Turkey Lakes Watershed37, TLW32 Turkey Lakes Water-

shed32, ELA Experimental Lakes Area)
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were analysed for normality using Q–Q plots and the

Shapiro-Wilks test. Whilst many of the variables were

normally distributed (average winter temperature, wet-

day temperature, total winter precipitation, proportion of

winter rainfall, %winter snowcover); those variables

which did not meet the assumptions of normality

(altitude, latitude, catchment area, %N deposition

occurring in winter, snowpack depth, number of winter

wet-days with snowcover) were transformed prior to

inclusion in the correlation matrix using a Box-Cox

power transformation (Box and Cox 1964; Poole et al.

2006). Similarly, ROS event variables (event magnitude,

annual discharge, and annual N-export) were Box-Cox

transformed. Bivariate correlations were also used to

establish any regional similarities in meteorological

variability.

A generalised linear model (GLM) with partial

factorial analysis was used to identify regional drivers,

providing further insight into the spatial (between

catchments) and temporal variance in predictor/re-

sponse relationships. Unlike a standard linear model, a

GLM can be applied to non-normally distributed, or

even categorised independent variables, and can be

used to consider non-linear associations and interac-

tions between predictor variables upon the response

variable (Nelder andWedderburn 1972). For example,

in this study the GLM enables exploration of vari-

ability in relationships between the meteorological

predictor and the ROS dependent variable across

various elevations and latitudes. The GLM can also be

applied across unequal groups (e.g. where periods of

record vary between sites). This was important for the

GLM of ROS-N %, as N-NO3 deposition data for site

ELA was available only until 2004–2005.

The normally distributed meteorological variables

which had been identified using the bivariate matrix as

being significant to site-specific ROS processes were

entered as predictor variables into the GLMs, with non-

normal ROS event data as dependent variables. Only

those predictors that contributed significantly to the

GLM (p\ 0.01) were retained, and re-run in a final

GLM. Total model accuracy (R2) was assessed by

comparing model predictions across all sites and years

(1990/91–2009/10) with observed data. The site-speci-

fic, temporal accuracy was calculated by comparing

annual model predictions to observations within each

site; and spatial accuracy by comparing variability in

site average conditions (20 year), to those of the

observed data.

Identifying the impact of winter ROS events

on spring exports

The date at which 50 % of the seasonal flow and

chemical mass has been exported, referred to as the

centre of volume and centre of mass respectively,

(Court 1962), was used to assess any redistribution in

timing of winter/spring nutrient export (Casson et al.

2012). At each site over the 20-year period, the

difference in timing between dates of centre of volume

(COV) and centre of mass (COM-N) was quantified.

These differences were then compared with ROS-Q

and ROS-N, to determine whether ROS-N export

influenced the seasonal distribution of N-NO3 export.

To calculate COV and COM-N, daily flow volumes

and N-NO3 exports from January 1st to May 31st of

each year were summed, and the date of COV (or

COM-N) computed as the date by which half of the

volume (or N-NO3 export) occurred. These dates were

selected to avoid the concealment of snowmelt signals

by high flows in fall (Hodgkins and Dudley 2006).

Results

Regional Quantification of winter ROS-N events

Over the 20-year period (1990/91–2009/10), spring

(Mar–May) was the period of highest flow and N-NO3

export at all sites (Online supplementary material 2a,

2b), with a regional average contribution to annual

flow of 50 %, and to annual N-NO3 export of 62 %.

However, with the exception of ELA, winter (Dec–

Feb) also yielded a high proportion of annual flow and

N-NO3 export at all catchments, with regional aver-

ages of 18 % and 23 % respectively.

A large proportion of annual precipitation occurred

during the winter, with a regional average of 21 %

across the nine study sites. Thirty-four percent of

winter precipitation fell as rain, of which only 17 %

fell on top of an established snowpack thus qualifying

as a ROS event (Fig. 2a). Notably fewer ROS events

occurred annually at site ELA (0.4) compared with the

regional average (3.0 per year) (Fig. 2b). This site had

significantly lower mean winter temperature, total

precipitation, and a very low proportion of winter

rainfall (Table 1). The average daily temperature

during ROS events was 0.2 �C, although this ranged

from -2.2 �C at ELA to 2.2 �C at PC. At most study

252 Biogeochemistry (2016) 130:247–265
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sites, ROS events constituted a significant proportion

of winter flow (ROS-Q %winter) and of N-NO3 export

(ROS-N %winter) (Fig. 3a, b) with regional averages of

39 % and 42 % respectively. Proportional contribu-

tions from ROS events (Q and N-NO3) from all but

two sites fell within ± 1 SD of a regional average.

Impacts of ROS events upon in-stream Al and pH

Stream pH declined during ROS events by an

average of 1.5 %, with the exception of site ELA

(Fig. 4a) although the difference in stream pH

between ROS and average winter conditions was

only significant at site CT. Similarly, at sites where

in-stream aluminium concentrations were monitored,

a high concentration pulse was observed during ROS

events relative to average winter conditions (average

of ?12.2 %) with the exception of ELA (Fig. 4b).

Again, the difference was significant only at site CT.

These pulses should be considered a conservative

estimate, however, as only during periods of high

sampling frequency were the direct impacts of ROS-

N on stream pH and Al concentrations clearly

observed (Fig. 5).

Meteorological drivers of winter ROS events

Regional bivariate trends

Despite the significant difference in average values

between sites, cross-site correlations indicated a

degree of regional temporal coherence in some

meteorological conditions. These included significant

correlations (p\ 0.01) between all sites for winter

temperature (Fig. 6a), and for N- deposition (kg/ha).

With the exception of ELA and the TLW sites, there

was also a significant site association for total winter

precipitation (Fig. 6b), and for spring COV (Fig. 6c).

Other variables, such as snowpack depth, ROS-

P %annual, ROS-N %winter and COM-N demonstrated

some coherence between a more limited number of

sites, but were not regionally correlated.

Regional bivariate interactions

Spatial relationships across the 9 study sites demon-

strated a positive correlation between ROS frequency

and the proportion of winter precipitation falling as

rain (%), average winter temperature (oC) and with

total winter precipitation (mm), (p\ 0.01)

Fig. 2 a comparisons between mean (± SE) proportion of

winter precipitation falling as rainfall (ROS-P), and mean

(± SE) proportion of winter precipitation falling as rain-on-

snow events (%); b comparison between the mean (± SE)

seasonal number of winter rainfall events and mean (± SE)

seasonal number of rain-on-snow events (values calculated over

1990/91–2009/10)
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(Figs. 7a,b). However observations at one site, ELA,

contained significantly lower average winter temper-

ature, precipitation amounts and a comparatively low

20 year average ROS event frequency and exclusion

of the ELA site from the analysis rendered these

associations insignificant. There were also significant

positive correlations between the proportion of annual

precipitation falling as ROS events (ROS-P %annual)

and the proportion of annual discharge sourced from

ROS events (ROS-Q %annual), and between ROS-

Fig. 3 Comparisons between proportional contributions from

ROS events to winter and annual totals of a flow and b NO3-N

export. Values represent mean (± 1SE) over 1990/1991–2009/

2010. (Black dashed line study-wide average value of a winter

ROS flow (%) and b winter ROS N-NO3 export (%), grey

dashed line ± 1SD study-wide average winter value)

Fig. 4 Comparisons of stream properties between average winter conditions and ROS events for a pH and b Al concentration (mg/l).

Values represent mean (± 1SE) over 1990/91–2009/10
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P %annual and the proportion of annual N-NO3 export

sourced from the ROS events (ROS-N %annual)

(p\ 0.01). In other words, sites where a greater

proportion of annual precipitation and discharge were

sourced from ROS events, released a higher propor-

tion of annual N-NO3 load from these events (Fig. 8a,

b). The same relationships were observed when

analysing only winter proportions (i.e. ROS-P %win-

ter, ROS-Q %winter and ROS-N %winter).

Site specific bivariate interactions

Temporal relationships between ROS events (event

frequency and rainfall volume) and meteorological

drivers differed between sites. A site-specific, bivari-

ate correlation matrix demonstrated significant rela-

tionships at some locations, between temporal

variance in ROS events (frequency and volume) and

in snowpack depth, total winter precipitation, propor-

tions of precipitation falling as rain and %winter

snow coverage; whereby higher quantities of precip-

itation, and a deeper snowpack with persistent cover-

age increased the probability that a winter rainfall

event would occur on snow-covered ground (Table 2).

Whilst average winter temperature was only directly

associated with ROS events at sites ELA and HP, it

was significantly correlated with many of the other

meteorological variables. For example, significant

correlations between temperature and at least one of

either rainfall proportion (? ve), winter snowmelt

(- ve), snow coverage (- ve) and snowpack depth

(- ve) were observed at eight of the nine sites

(Table 2), indicating that whilst an increase in

temperature significantly increased the proportion of

winter precipitation falling as rain, it simultaneously

acted to reduce snowpack depth and the period of

snow coverage. At all sites with the exception of site

HP3, significant relationships were also observed

between ROS-P %annual and ROS-Q %annual, and

between ROS-P %annual and ROS-N %annual. ROS-N

Fig. 5 A week of daily

observed water chemistry

data demonstrating pulses of

elevated Al and associated

reduction in pH released

from site BBWM during

ROS events of high N-NO3

concentrations (December

2nd–December 9th, 1990)
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loads (kg) were positively associated with winter

N-load deposition (kg/ha) only at site HP (p\ 0.05),

and with winter N-load deposition concentrations (mg/

l) only at site HB (p\ 0.05).

Partial factorial analysis: ROS frequency, magnitude,

ROS-Q and ROS-N

The GLM enabled a regional quantification of meteo-

rological ROS drivers, whilst taking into account the

site-specific nature of some inter-relationships between

drivers, and was applied to each of the primary

dependent variables (ROS-P %winter, ROS-frequency,

ROS-Q %winter, and ROS-N %winter; Table 3). Combi-

nations of interacting meteorological drivers accounted

for up to 87 % of the spatial variance in winter ROS-

P %winter and 89 % of the spatial variance in ROS-

frequency. Model accuracy varied amongst sites with

respect to the ability to reproduce temporal variance;

though significant relationships were determined

Fig. 6 Regional temporal coherence in a winter temperature, b total winter precipitation and c spring centre of volume
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between the meteorological drivers and ROS-P %winter

at seven of the nine study sites.

The GLM indicated that ROS event frequency and

ROS-P %winter (i.e. magnitude) were generally lower in

sites located farther north (negative correlation with

latitude), and that frequency was also lower at sites

located at higher elevations (negative correlation with

altitude) (Table 3, Online supplementary material 4).

Relationships highlighted by the GLM also suggest a

positive temporal relationship betweenROS-magnitude/

frequency and a combined factor of deeper snowpacks

with higher winter rainfall proportions. Temperature

(winter wet day temperature and average winter tem-

perature) featured inbothmodels, combinedwith rainfall

proportions, though with contrasting associations in the

ROS event magnitude GLM to those in the ROS-

frequency GLM. Finally, the period of winter snow

cover was significantly positively associated with both

ROS event frequency and ROS magnitude. Event

frequency was additionally impacted by altitude and

latitude, and event magnitude by total winter rainfall

proportions (Table 3, Online supplementarymaterial 4).

A GLM was able to account for 80 % of the spatial

variance in ROS-Q %winter and 71 % of the spatial

variance in winter ROS-N %winter. Whilst temporal

accuracy of the models varied amongst sites, both were

significant in all areas, and accounted for up to 80 % of

temporal variance. The GLM indicated that ROS-N

%winter is greater duringwinterswith higherNdeposition

and a greater proportional contribution from ROS-Q.

Fig. 7 Mean ± standard error ROS event frequency versus a average winter temperature (oC) and b total winter precipitation of nine

study sites; calculated over 1990/91–2009/10

Fig. 8 a Mean ± standard error of the proportion of annual

discharge sourced from ROS events (ROS-Q %annual) versus

the proportion of annual precipitation attributed to ROS events

(ROS-P %annual) b Mean ± standard error proportion of

annual NO3-N export sourced from ROS events (ROS-N

%annual) versus ROS-Q %annual. Values calculated over

1990/91–2009/10
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Impact of winter ROS-N upon magnitude of spring

N-NO3 export

The COM-N occurred earlier than COV across all sites

with the exception of BBWM where timings were

concurrent, and a significant positive relationship was

established between the difference in COM-N/COV

timing and both ROS-Q %annual and ROS-N %annual.

Bivariate correlations also demonstrated a negative

correlation across the study sites, between winter ROS-

Q %annual and COV (p\ 0.01), and between annual

ROS-N %annual and COM-N (p\ 0.01) (Fig. 9a, b).

Temporally, these relationships were significant at sites

HB,CT, PC andHP (Table 2).At several sites therewas

also a significant negative correlation between temporal

variance in winter temperature and COV.

TheGLMexplained 79 %of spatial variation, and up

to 42 % of temporal variation in COV, as well as 82 %

and up to 58 % of spatial and temporal variation in

COM-N, respectively (Table 3). Spatially, earlier

COM-N and COV were associated with sites located

further south, and awarmer averagewinter temperature.

Temporally, earlier COV and COM-N were associated

with years during which a greater proportion of annual

discharge and N-NO3 export were sourced from winter

ROS events (significant at five out of nine study sites).

Discussion

Regional significance of winter ROS-N events

Whilst on average only 3.3 % of annual precipitation

fell as rain-on-snow during winter over the study

period, this generated an average proportion of

catchment annual discharge of 8.2 % and 12 % of

the annual N-NO3 export, indicating that ROS events

are a significant source of annual stream flow and

N-NO3 export. Rain-on-snow events are an even more

important source of winter N-NO3 export supplying up

to 67 % of stream export, and the importance of these

events was found to extend throughout southern

Ontario and the northeastern United States. Site ELA

proved to be an exception, perhaps due to its location

in a continental high pressure zone in northern Ontario

where air is typically drier and there are lower

quantities of winter precipitation (Baldwin et al.

2000). Whilst ROS events have previously been

characterised within central Ontario (Eimers et al.T
a
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Table 3 Generalised linear models of ROS events ** significant at the 99 % level $normalised using boxcox prior to analysis

Modelled

variable

Parameters

included

Total variance

explained

Proportion of spatial

variance explained

Proportion of temporal

variance explained

ROS-P %

winter

$Rainy-day snowpack depth (SPD1)
$latitude (LT)

0.58** 0.87** ELA: 0.72**

SR: 0.70**

proportion of winter precip falling as

rain

(%WR)

HP: 0.62**

Winter wet day temperature (WWT) HB: 0.51**

Percentage winter snow cover

(%WSC)

PC: 0.48**

Winter snowmelt (SM) TL37: 0.35**

BBWM: 0.27*

ROS-

frequency

Total winter precipitation (TWP) 0.43** 0.89** HP: 0.30**
$Rainy-day snowpack depth (SPD1) HB: 0.27*
$altitude (ALT) CT: 0.25*
$latitude (LT) ELA: 0.21

proportion of winter precip falling as

rain (%WR)

PC: 0.19*

Average winter temperature (AWT)
$days of winter snowcover (WSC)

ROS-Q %

winter

$percentage of winter precipitation

from ROS-

0.48** 0.80** SR: 0.74**

events (ROS-P %winter) HB: 0.69**

Winter snowmelt (SM) PC: 0.60**
$Catchment area (CA) ELA: 0.37*

CT: 0.35**

TL32: 0.27*

TL37: 0.22*

HP: 0.01

ROS-N

%winter

Winter N-deposition kg/ha

(NDepLoad)

0.56**

0.43**

0.71** TL32: 0.90**

TL37: 0.89**
$Percentage of winter discharge from

ROS

ELA: 0.88**

events (ROS-Q % winter) PC: 0.52**
$Catchment area (CA) CT: 0.49**

SR: 0.49**

HP: 0.42**

BBWM: 0.41**

HB: 0.27*

COV $ percentage of annual discharge from

ROS

0.79** CT: 0.42**

events (ROSQ %annual) TL32: 0.27*

Average winter temperature (AWT) TL37: 0.27*
$Latitude (LT) BBWM: 0.23*

PC: 0.24*
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2007; Casson et al. 2010), this is the first time their

significant role in N-NO3 export has been identified

across such a large region.

Impacts of ROS events upon in-stream Al and pH

Stream pH was lower and in-stream Al concentrations

were higher during ROS events, compared with

average winter in-stream observations. To date this

difference in stream chemistry has been significant

only at site CT. This site had the greatest winter

rainfall volumes, and has previously been identified as

being vulnerable to winter-spring nitrate acidification

and leaching of Al (Murdoch and Stoddard 1992).

Furthermore, as daily and sub-daily water chemistry

samples were taken only during isolated periods, the

analysis is likely to under-estimate changes in Al and

pH during ROS events. These findings should there-

fore be considered conservative estimates, which

support suggestions that ROS as a mechanism for

N-NO3 export could influence the rate of chemical

recovery from acidification (Eimers et al. 2007);

whereby areas with higher ROS contributions are

likely to recover more slowly.

Meteorological drivers of ROS events

Site specific interactions

Site specific bivariate analyses indicated that higher

quantities of precipitation, greater snowpack depth and

more persistent snow coverage all increased the prob-

ability that a winter rainfall event would occur on frozen

or snow-covered ground. However, higher temperatures

both increased winter rainfall proportions and

simultaneously reduced snowpack depth and periods of

snow coverage. Use of a generalised linear model, with

partial factorial analysis, enabled quantification of these

interactive effects. Models of ROS event frequency and

magnitude both included winter rainfall proportions and

snow cover, indicating that consistent with the findings

of Surfleet and Tullos (2013), the impact of rainfall

proportions upon ROS events was dependent upon the

snowpack conditions. Winter temperature interactions

differed between models of ROS-frequency and ROS-

magnitude, where increases in temperature and rainfall

proportions were associated with a higher ROS event

magnitude but reduced frequency of occurrence. This is

likely due to the conflicting effects of a higher volume of

rainfall occurring in warmer, wetter conditions; whilst a

reduction in snow cover results in a greater number of

events falling on bare (i.e., not snow covered) ground

(McCabe et al. 2007).

Whilst bivariate associations demonstrated positive

relationships between ROS-P %annual and ROS-Q %an-

nual and in turn with ROS-N %annual, there was little

direct correspondence with atmospheric N-NO3. These

results are consistent with findings from Piatek et al.

(2005) and Campbell et al. (2002), who demonstrated

that atmospheric N deposition alone cannot explain

variation in stream N-NO3 during winter/spring.

Although this might be initially interpreted as being

due toNdeposition levels below critical load thresholds

(\ 12 kg/ha/year; Aherne and Posch 2013), the results

from the GLM indicate that instead, it is important to

simultaneously consider variability in ROS event

magnitude (e.g. the proportion of winter discharge

sourced from ROS) with N deposition. The interactive

nature of the relationship between N deposition and

ROS-Q suggests that future efforts to reduce winter

Table 3 continued

Modelled

variable

Parameters

included

Total variance

explained

Proportion of spatial

variance explained

Proportion of temporal

variance explained

COM-N $proportion of annual N load from ROS

events

0.45** 0.82** CT: 0.58**

(ROS-N % annual) PC: 0.51**

Average winter temperature (AWT) HP: 0.37**
$Latitude (LT) HB: 0.32**

TL32: 0.30**

‘‘Spatial variance’’ refers to model performance between sites; temporal variance refers to model performance within each site; and

‘‘total variance’’ is a measure of the ability of the model to account for all variance within in the dataset
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N-NO3 exports will require a concurrent decline in both

atmospheric N deposition and the magnitude of winter

ROS events. Similar to Baron et al. (2009), these results

indicate that interpretation of N-deposition effects is

complicated by the co-occurrence of climate change,

and should climatic change lead to an increase in ROS

event frequency or magnitude (and hence in ROS-Q),

reductions in NOx emissions alone will be unlikely to

prevent future increases inwinterN-NO3 exports.ROS-

associated reductions in stream pH and increases in Al

concentrations could therefore potentially impede

stream recovery from acidification, despite reduced

atmospheric emissions (Dillon et al. 1988; Eimers et al.

2007).

Regional interactions

Whilst several of the meteorological variables demon-

strated a degree of regional coherence (e.g. winter

temperature, N deposition, total winter precipitation),

temporal variability in ROS-P, ROS-Q andROS-Nwas

not consistent across study sites. This difference can be

attributed to the interactive role of both regionally

coherent (e.g., temperature) and more catchment-

specific (e.g., snowpack depth) drivers in the ROS

processes identified by the GLM. At site ELA, with a

notably cooler and drier climate, significantly fewer

ROS events were observed (Fig. 7a). However as a

result of the site-specific and sometimes contrasting

driver interactions, between temperature, rainfall pro-

portions and winter snow coverage, there was also high

variability in ROS frequency (Fig. 7a) and magnitude

between study sites with statistically similar meteoro-

logical conditions (e.g. TLW37, TLW32, SL and PC).

Importantly, these results indicate that sites located

in northern temperate regions may exhibit a wide

range of vulnerabilities (ROS-responses) to potential

changes in meteorological variables; these vulnera-

bilities are dependent on the site-specific interactive

responses of the snowmelt-snow accumulation bal-

ance. For example, under an increase in temperature,

sites most likely to undergo an increase in ROS-Q and

ROS-N are those with a combination of high winter

precipitation and deeper winter snowpacks (sites

TLW37, TLW32 and SL). Here, ROS magnitude can

increase (due to an increase in proportion of winter

rainfall), without a reduction in event frequency

(because the deep snowpack sustains complete cover-

age). Sites more resilient to winter climate change are

those with exceptionally dry climates (ELA), or

shallower snowpacks (HP and BBWM) (Fig. 10).

This range in catchment vulnerability to meteorolog-

ical variables goes some way toward explaining the

high variance in water quality responses to changes in

N deposition.

Impact of winter ROS-N on spring N-NO3

Our results show that the timing of both COV and

COM-N are associated with temperature, generally

occurring later at cooler sites situated farther north.

Importantly, COV and COM-N occurred earlier in the

year at sites with higher ROS-Q % annual and ROS-

N % annual, respectively. This, combined with the

increasing difference in timing between COM-N and

COV under higher ROS event magnitude indicates a

general redistribution of available N to earlier in the

season, where an earlier COM-N results not solely

Fig. 9 aMean ± standard error of the timing of spring COV versus ROS-Q % annual; bmean ± standard error of the timing of spring

COM-N versus ROS-N % annual. Values calculated over 1990/91–2009/10
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from a change in hydrological export, but also from an

earlier release of N-NO3 during winter ROS events

(Casson et al. 2012). The significant negative temporal

correlation between ROS-N load (both %annual and

absolute kg) and timing of COM-N supports these

findings, indicating that at several sites (HB, CT, PC

and HP), temporal variance in the magnitude of winter

ROS events significantly influences the timing of

spring N-NO3 export.

An increase in ROS events might therefore be

expected to lead to higher N-NO3 export during the

winter and proportionately smaller N-NO3 export in

the spring. Studies in northeastern North America

have shown that as other nutrients, such as total

phosphorus and dissolved organic carbon, are not

sensitive to ROS events (Casson et al. 2012) alter-

ations to stream nutrient stoichiometry might also be

anticipated. The timing of N-NO3 release is important

in the aquatic environment, with reductions in spring

melt and associated N-NO3 export having the potential

to affect community composition of phytoplankton

and other algae (Sickman et al. 2003; Nelson 2009).

Changes in N:P ratios are widely accepted to result in

alterations to phytoplankton communities (e.g. Hend-

zel et al. 2011; Shiebley et al. 2014), and can even lead

to growth of N2 fixers such as cyanobacterium (Levine

and Schindler 2011) if periods of N-limitation result

(N: P\ 1.5; Bergstrom 2010). Those sites most

vulnerable to change in meteorological variables (in

terms of ROS-N responses) should therefore be

considered at greatest risk of alterations in stream

nutrient stoichiometry.

Conclusion

ROS events contributed up to 24 % of annual stream

N-NO3 export in catchments within southern Ontario

and the northeastern US, and were associated with

higher in-stream Al concentrations and lower pH. In

contrast, site ELA in northern Ontario, with a

Fig. 10 Conceptual

diagram of interactive

effects of regional and site-

specific meteorological

drivers upon ROS events

across Ontario and

northeastern USA
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significantly cooler and drier climate, demonstrated

far fewer ROS events, which constituted a much lower

proportion of annual N-NO3 export. In addition, there

was a greater difference between the timing of winter/

spring COV and winter/spring COM-N in years with

ROS events of greater magnitude, indicating that ROS

events result in a redistribution of available N-NO3 to

earlier in the spring.

ROS events were associated with winter tempera-

ture, precipitation, snowpack depth and persistence of

snow coverage. Spatial variability in ROS frequency

and magnitude was high, despite some regional

similarities in meteorological variables (e.g., similar

temporal variance in winter temperature across sites),

and can be explained by the substantial influence of

highly localised drivers (e.g., snowpack depth).

Importantly, these results demonstrate that higher

temperatures are likely to result in greater ROS events

only where snowpack coverage is not reduced.

The significant localized influence of snowpack

characteristics upon ROS interactions with meteoro-

logical variables led to the identification of a range of

site ‘‘vulnerabilities’’ to changes in winter tempera-

ture. The most vulnerable areas (i.e., most likely to

experience increases in ROS-N, redistribution of

spring N-NO3, and delayed recovery from acidifica-

tion) were identified as those with a combination of

highest total winter precipitation and deepest winter

snowpacks, where temperature increases would

increase ROS magnitude without removing snowpack

cover. Given the regional significance of these find-

ings, there is potential for increases in ROS-N at

vulnerable sites across Ontario and the northeastern

US, with associated implications for water quality

(stream pH), nutrient stoichiometry, and phytoplank-

ton community structure. Further research is required

to quantify potential changes in general water quality

and nutrient stoichiometry under plausible future

change, and importantly to identify the spatial extent

of these most vulnerable locations.
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