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Abstract The perhumid coastal temperate rainforest

(PCTR) of northwestern North America is projected to

become warmer and wetter in coming decades, with

largely unquantified implications for the magnitude

and speciation of riverine nitrogen (N) and phosphorus

(P) export from PCTR ecosystems. We collected

streamwater at weekly to monthly intervals for a year

and intensively during two multi-day storms (one each

in summer and the autumn rainy season) from streams

draining three of the most common landcover types in

southeast Alaska (poor fen, forested wetland and

upland forest). Our goal was to investigate how

seasonal and episodic (stormflows) changes in runoff

influence the magnitude and species of dissolved N

and P exported from PCTR watersheds. Riverine

yields of total dissolved N and P ranged from 238 to

406 kg km2 year- 1 for N and 11 to 17 kg km2 year- 1

for P and were dominated by organic nutrient forms.

Yields of N and P showed a varied response to runoff,

with both hydrologic transport and source limitation of

nutrient yields observed across the landcover types.

During stormflows, log transformed ratios of dissolved

inorganic N to soluble reactive P decreased from

prestorm levels of* 1.0 to 1.5 to less than 0.3 during

peak flow at all sites, illustrating that storms induce

ephemeral changes in inorganic nutrient export and

stoichiometry. Our findings highlight the pulsed

nature of dissolved N and P export from PCTR

watersheds suggesting that future changes in the

seasonality and intensity of precipitation may influ-

ence the flow of terrestrial nutrients to marine

ecosystems.

Keywords Nutrients � Biogeochemistry �
Stoichiometric ratio � Runoff � Stream � Storm

Introduction

Catchment export of nitrogen (N) and phosphorus

(P) depends on a tradeoff between the capacity of

terrestrial and aquatic ecosystems to retain these

nutrients, and removal via downstream transport and

atmospheric losses (for N). For instance, large rainfall

events typically comprise a small portion of the annual

hydrograph, however the associated stormflows can
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have a disproportionately large influence on seasonal

and annual N and P yields because of the high

concentrations and runoff that occurs during storms

(Correll et al. 1999; Vidon et al. 2012, 2018; Mooney

and McClelland 2012). At the catchment scale, our

understanding of how streamflow variability differen-

tially alters the source and transport processes that

control the speciation of N and P exported is still

limited (Collins et al. 2017; Maranger et al. 2018).

Elucidating these catchment-scale controls on nutrient

yields is critical considering the importance of N and P

to the structure and function of downstream ecosys-

tems including: periphyton growth (Dodds et al.

2002), community composition (Poxleitner et al.

2016), uptake of terrestrially-derived organic carbon

(Rosemond et al. 2015), and occurrence of harmful

algal blooms (Michalak et al. 2013).

Individual species of dissolved N and P may be

differentially transported through catchments at vary-

ing time scales and efficiencies depending on season,

hydrologic conditions, and characteristics of the

stream network (e.g. slope, bed sediment characteris-

tics). For instance, nitrate (NO3
-) is extremely mobile

in groundwater because of its negative ionic charge

(Hill et al. 1999; Inamdar et al. 2004), while soluble

reactive P (SRP) is readily sorbed to soils (Olander and

Vitousek 2004). This results in higher ratios of

inorganic N to SRP in groundwater than surface

water, as observed in tropical forests (Saunders et al.

2006) and in northern watersheds dominated by mixed

forest/grassland (Green et al. 2007). Unlike for NO3
-,

dissolved organic N (DON) loss is especially pro-

nounced during high flow events that flush abundant

DON to streams from organic matter rich soil surface

horizons (Petrone et al. 2007; Martin and Harrison

2011). Therefore, understanding how seasonal and

episodic changes in catchment runoff impacts the

speciation of lateral N and P export from catchments is

necessary; especially, in light of the substantial

anthropogenic loading of N and P to surface waters

that has occurred during the last few decades in many

regions (Galloway et al. 2004; Beusen et al. 2016;

Powers et al. 2016).

Although constituent yields are very much influ-

enced by flow, evaluating the relationship between

catchment runoff and N and P yields over a range of

hydrological conditions can elucidate whether lateral

export and speciation is controlled by production in

the terrestrial ecosystem or by hydrologic connectivity

between terrestrial source pools and surface waters

(Zarnetske et al. 2018; Boix Canadell et al. 2019). For

instance, an increase in N concentration with high flow

events indicates a pool of exportable N exists within

catchment soils but its delivery to surface water is

transport limited. Conversely, N source limitation

exists within the catchment if N concentrations

decrease with increasing flow associated with a storm.

To date, most studies that characterize the relationship

between runoff during storm events and constituent

yields from forested catchments have focused on

dissolved organic carbon (Fellman et al. 2009; Ray-

mond and Saiers 2010; Vidon et al. 2008). However,

the impacts of high flow events on organic and

inorganic N and P species are less well understood.

We collected streamwater (weekly to monthly) for

a year and intensively during two multi-day storms

(one each in summer and during the autumn rainy

season) from three small (\ 0.5 km2) sub-catchments

that drain the most common landcover types in

southeast Alaska (poor fen, forested wetland and

upland forest). Our goal was to evaluate how seasonal

and episodic changes in streamflow influence the

magnitude and form of dissolved N and P export from

coastal temperate rainforest watersheds. We did not

quantify particulate N and P because total elemental

loads are typically dominated by dissolved forms in

forested and wetland streams in the region (Hood et al.

2020). We also use an empirical model (power law

relationship between runoff and nutrient yield) to

assess the relative importance of dissolved N and P

availability in soil source pools and hydrologic

transport for controlling yields of organic and inor-

ganic N and P species from the three landcover types.

Our findings provide insight into how hydrologic and

biogeochemical drivers interact to control lateral

export of dissolved N and P and speciation from

undisturbed temperate forest ecosystems that are not

subjected to anthropogenic N and P loading.

Methods

Site description

This study was conducted in the 24 km2 Peterson

Creek watershed, located near Juneau, AK in the

northern portion of the perhumid coastal temperate

rainforest (PCTR; Fig. 1). Peterson Creek watershed,
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which drains into the coastal marine waters of

southeast Alaska, contains a mix of physiographic

features that include alpine areas, productive rain-

forest, and wetlands. The watershed is broadly repre-

sentative of the larger PCTR in terms of watershed size

and landcover. The study area has a temperate climate

(mild winters and cool, wet summers) with mean

monthly temperature ranging from 2 to 14 �C at sea

level. Mean annual precipitation in the Juneau area

exceeds 1800 mm annually at sea level, with much of

it falling as rain during the late summer and autumn

(D’Amore et al. 2015). Peterson Creek watershed has

gradual relief (mean watershed elevation of 309 m)

consisting of a landscape mosaic of organic carbon

rich wetlands, which occupy 34% of the watershed

area, mixed with coniferous forest dominated by Picea

sitchensis and Tsuga heterophylla. Annual wet inor-

ganic N deposition near the study watershed has been

collected for 15 years as part of the National Atmo-

spheric Deposition Program (NADP, AK02) and

averages 0.43 kg N ha- 1 year- 1.

Surface water was collected from three headwater

streams draining a poor fen (area of 0.01 km2),

forested wetland (area of 0.06 km2) and upland forest

(area of 0.24 km2) in the Peterson Creek watershed.

The study streams represent the dominant landcover

types within the watershed and throughout the PCTR,

which consists of approximately 78% upland forests,

12% forested wetlands, and 9% poor fens (D’Amore

et al. 2015). These sub-catchments were identified

using wetland classification categories for the region

(Cowardin et al. 1979) and by characterizing soil

hydrological regimes (i.e. water table fluctuations)

that dominate these landscape types (D’Amore et al.

2010, 2015). The poor fen is a histosol with soils

composed of deep ([ 2 m), moderately decomposed

organic material (dysic, Typic Cryohemist). The

forested wetland consists of[ 0.5 m of well-decom-

posed peat overlaying glacial till (Terric Cryosaprist,

Maybeso series). The forested wetland formed over

the same deposits as the poor fen, but the steeper slope

(average of 10%) at the site leads to greater soil

hydraulic conductivity and a much deeper layer of

permanent soil saturation (D’Amore et al. 2010). The

upland forest is dominated by spodosols (Lithic

Haplocryod), with moderately deep and well-drained

soils, owing to the steeper gradient (average of 19%)

relative to the two wetland sites. More detailed site and

soil descriptions are available in D’Amore et al.

(2015).

Fig. 1 Map of the study sub-catchments within the Peterson Creek watershed, near Juneau, AK
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Field and laboratory methods

Surface water samples were collected throughout 2006

from streams draining each landcover type weekly

from May through October and monthly during the

remainder of the year. The May through October

sampling period was the approximate length of the

snow free season, and accounts for * 60% of total

annual flow that occurs from Peterson Creek (Fellman,

unpub. 7-year period of record). Streamwater samples

were field-filtered through pre-combusted ([ 4 h at

400 �C), glass fiber filters (pore size 0.7 lm) and

stored in the refrigerator in pre-cleaned high density

poly-ethylene bottles until analysis within 72 h of

collection. Automated water samplers (ISCO model

3700) installed at the three sub-catchment sites were

used to collect one liter of streamwater every 4–8 h

over the course of two storms: July 19–22 and

September 6–9. These two events were selected under

different temperature (summer vs. fall) and hydrologic

regimes (saturated vs. unsaturated antecedent soil

moisture conditions) to assess how seasonality influ-

ences lateral N and P export. Water samples were

removed from the ISCO daily, filtered through pre-

combusted ([ 4 h at 400 �C) GF/F filters and stored in

the fridge in pre-cleaned high density poly-ethylene

bottles until analysis within 72 h of collection.

Stream discharge at the three study sites was

measured continuously throughout the study period

(15 min intervals) using V notch weirs (Plasti-Fab)

equipped with pressure transducers (Solinist

LeveLogger). Barometric pressure transducers (Solin-

ist Levelogger) located at each site were used to

correct pressure transducers for atmospheric pressure

changes. Manufacturer supplied rating curves were

used to convert the weir stage to volumetric discharge.

Streamwater total dissolved N (TDN) concentra-

tions were analyzed via high temperature combustion

on a Shimadzu TOC/TN-V analyzer, with a lower

detection limit of 0.1 mg N L- 1. Concentrations of

NO3-N and NH4-N were measured via ion chromatog-

raphy (Dionex ICS-1500 and 2500), with lower

detections limits of* 2.5 and 5 lg L- 1, respectively.

Dissolved organic N (DON) was calculated as the

difference between TDN and dissolved inorganic N

(DIN = NH4-N ? NO3-N) because nitrite concentra-

tions were frequently below the lower detection limit

of * 5 lg L- 1. Soluble reactive P (SRP) was

measured via the ascorbic acid method (Murphy and

Riley 1962) using a 10 cm quartz flow through cell to

enable the detection of low concentrations (* 1 lg
L- 1). We assume reactive phosphorus to be

orthophosphate, although recognize that our SRP

concentrations may be an overestimate of the true

orthophosphate concentration in our study streams

because SRPmay include organic forms of P that react

with the reagents involved in SRP analysis (Maruo

et al. 2016). Total dissolved P (TDP) was measured by

persulfate digestion together with the ascorbic acid

method (Valderrama 1981). Dissolved organic P

(DOP) was calculated by differencing TDP and SRP.

Annual flux and yields of N and P

Annual dissolved streamwater N and P export were

calculated using daily discharge and our routine N and

P measurements using the U.S. Geologic Survey

LoadEstimator program (LoadEst; Runkel et al.

2004). LoadEst. calculates daily N and P loads (kg

day- 1) by applying the best fit among nine models

available in LoadEst. The Akaike Information Criteria

(AIC) was used to select the model that best fit the data

for each nutrient species at each site. Daily export was

summed to produce seasonal and annual fluxes from

each landcover type, and area-weighted yields were

derived by normalizing the annual N and P flux by the

watershed area of the landcover type. Standard errors

(± 1) for annual N and P yields were generated in

LoadEst.

Statistical analyses

Linear regression was used to assess the relationship

between runoff and either concentrations or molar

ratios of N to P across the sampling period. If

necessary, data were log transformed to satisfy the

basic assumptions of regression analyses. All molar

ratios of N to P were log transformed to reduce bias as

described in Isles (2020). To compare N and P

concentrations to variations in discharge, we used

the mean daily discharge (Qw) when surface water was

collected normalized to mean annual daily discharge

(Qw/Qmean), as described in Hilton et al. (2012).

We used the relationship between runoff and

nutrient yields (rather than concentrations) to evaluate

the relative importance of sub-catchment source pools

and hydrologic transport for controlling stream N and

P export (Moatar et al. 2017; Zarnetske et al. 2018;
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Boix Canadell et al. 2019). We quantified this

relationship because yields incorporate variability in

flow making it better suited than concentration-

discharge relationships for evaluating N and P

balances at the catchment-scale. We used a power

function (F = aQb) between runoff (Q) and nutrient

yields (F) where a is the concentration normalization

coefficient and b is the slope coefficient that indicates

whether watershed N and P yields are transport

(b[ 1) or source (b\ 1) limited (Zarnetske et al.

2018; Boix Canadell et al. 2019). Discrete models

were developed for all species of N and P in the three

sub-catchment streams and we report the coefficient of

determination and b values for the linear fit in log

space. The models do not account for temporal

autocorrelation as previously noted (Vaughan et al.

2017; Boix Canadell et al. 2019). All statistical

analyses were performed in SPSS software.

Results

Sub-catchment runoff

Daily runoff was generally highest in the forested

wetland (mean of 3.4 ± 4.3 mm day- 1) followed by

the poor fen (mean of 2.9 ± 4.5 mm day- 1) and

upland forest (mean of 2.8 ± 4.5 mm day- 1; Fig. 2a-

f). However, daily runoff in the upland forest had a

slightly greater coefficient of variation (CV = 1.5)

than in the poor fen (CV = 1.4) and forested wetland

(CV = 1.3). Runoff dynamics in all three streams

showed strong seasonality, with extended periods of

low flow (\ 1 mm day- 1) in the winter months

(December through April) followed by a snowmelt

pulse that generally lasted from late April through

mid-May. Sub-catchment runoff during the summer

months of June and July occurred mainly through

pronounced rainfall peaks that often exceeded 15 mm

day- 1 followed by periods of low flow. At all sites,

peak daily runoff generally occurred during the

autumn wet season (August through October).
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Fig. 2 Streamwater molar

ratios of log transformed. a–
c TDN to TDP and d–f DIN
to SRP versus runoff (solid

black line) for the poor fen,

forested wetland and upland

forest across the year-long

sampling period. Horizontal

dashed line in each plot

indicates annual mean at

each site
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Seasonal concentration and export of N and P

Streamwater TDN concentrations ranged from 95 to

502 lg N L- 1 across all sites, with mean concentra-

tions nearly 50% greater in the wetland streams than

the upland forest (Fig. 3a–c; Fig. S1–S3). In contrast,

mean TDP concentrations were similar across the

three sub-catchment types. Concentrations of DON on

average accounted for more than 90% of TDN at all

sites, with DIN concentrations generally less than

10 lg N L- 1. Similar to DON, DOPwas the dominant

fraction of TDP for all sites ([ 70%), with SRP

concentrations generally less than 4 lg P L- 1

(Fig. 3a–c; Fig. S1–S3).

Dissolved N and P concentrations were analyzed

over a large range of flows, with Qw/Qmean ranging

from 0.03 to 3.7 on the day of sampling (Fig. 4a–d).

However, * 75% of the stream sample dates had a

Qw/Qmean of \ 1.0 indicating the majority of our

measurements occurred during below average flow.

Over this range, the highest DIN concentrations at all

sites were observed during below average flows with

Qw/Qmean\1.0 (Fig. 4a). In contrast, higher DON and

P concentrations during above average flows with Qw/

Qmean[1.0 resulted in a modest positive correlation

between Qw/Qmean and SRP (r2 = 0.22, P\ 0.001,

F = 23.2), DON (r2 = 0.29, P\ 0.001, F = 33.9) and

DOP (r2 = 0.14, P\ 0.001, F = 14.0) for all sites

together. Streamwater log(DIN:SRP) showed no clear

pattern with Qw/Qmean, although ratios were highest

when Qw/Qmean\1.5 and decreased with increasing

flow such that log(DIN:SRP) were all below 1.2

during higher flows (Qw/Qmean[2.0; Fig. 4e). Simi-

larly, log(TDN:TDP) varied widely across all sites and

sample dates (Fig. 4f).

Mean log(TDN:TDP) during the year-long study

periodwere highest in the poor fen (1.8) followed by the

forestedwetland (1.7) andupland forest (1.6, Fig. 2a–c).

Streamwater log(TDN:TDP) in the poor fen was related

to daily runoff (r2 = 0.18, p = 0.02, F = 6.2), and varied

seasonally, with ratios increasing from a low of 1.3 in

March to their fall maximum of 2.1 before decreasing

following the fall wet season (Fig. 4a). In the forested

wetland, log(TDN:TDP) was not related to runoff

(r2 = 0.02, p = 0.50, F = 0.5), but varied seasonally,

with ratios generally above 1.7 during the late fall and

winter months and below 1.6 during the spring and

summer months (Fig. 2b). In contrast, streamwater

log(TDN:TDP) in the upland forest did not follow a

distinct seasonal pattern but rather was moderately

related to daily runoff (r2 = 0.18, p = 0.02, F = 6.4)

across the study period (Fig. 2c).

Annual log molar ratios of DIN to SRP at all sites

were substantially less than those of TDN:TDP

reflecting that TDN had a larger organic fraction than

TDP (Fig. 2d–f). Streamwater log(DIN:SRP) were

highly variable, ranging from \ - 0.2 to 1.7 at all

sites, and values were not related to daily runoff (all

r2\ 0.02, p[ 0.53). Log ratios of DIN to SRP were

typically less than 0.7 in the wetland sites (annual

mean of 0.7 in the poor fen and 0.6 in the forested
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Fig. 3 Box plots of streamwater N and P concentrations for the

a poor fen, b forested wetland and c upland forest across the

year-long sampling period. N = 31 for each parameter. The line

within the box is the median, dots are the 10th and 90th

percentile points and the vertical bars are the 25th and 75th

percentiles
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wetland) and less than 0.8 in the upland forest (annual

mean of 0.8).

Annual yields of TDN and TDP in the two wetland

streams were almost double that of the upland forest

(Table 1). The speciation of total dissolved N and P

yield was similar in all sites, with organic N accounting

for [ 90% of the annual TDN yield and organic P

accounting for [ 70% of the annual yield of TDP

(Table 1). Similar to total dissolved N and P, yields of

DOP and especially DON were larger in the two

wetland streams compared to the upland forest. Inor-

ganic dissolved N and P yields were low (\ 5.0 kg km2

year- 1 for both N and P) compared to dissolved

organic N and P for all sites, except for NH4-N in the

forested wetland, which exceeded 17 kg km2 year- 1.

The speciation of N and P yields varied seasonally

across sites, with yields of most species peaking

during the wet season months of August through

October (Fig. 5a–d). Nearly 76% of the annual DIN

yield from the forested wetland occurred during

August through October, whereas DON, SRP and

DOP yields from the site were more evenly distributed

throughout the year (Fig. 5b–d). In the upland forest,

inorganic N and P yields fromAugust through October

(2.6 and 1.4 kg km2, respectively) accounted for only

a third of annual DIN yield but 68% of total annual

SRP yield from the site. Yields of dissolved N and P

were low in the winter months of November through

April at all three sites (range of 6 to 24% of the total

annual yields), except in the forested wetland where
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more than 25% of the total annual yields of SRP and

DON occurred during winter.

Hydrologic vs. source limitation of N and P yields

A power model was a strong fit to the relationship

between daily runoff and dissolved yields of N and P

for the three sub-catchments (all r2[ 0.8 except for

NH4-N). The slope coefficients for all N and P species

ranged from 0.51 to 1.44 across the three sub-

catchments indicating both transport and source

limitation of dissolved N and P yields over the year-

long study period (Fig. 6a). In particular, b values for

DIN averaged 0.88 driven by the strong source

limitation exhibited for NH4 (mean b value = 0.68)

and NO3 (mean b value = 0.67) across sites (Fig. 6b).

However, b values averaged 1.12 for DON across sites

indicating a contrast in the main driver, from source to

hydrologic transport, of DON yields from the study

streams (Fig. 6b). For P yields, the average slope

coefficient for DOP was 1.31 while SRP was 0.97

suggesting SRP production and mobilization are

nearly equal to changes in runoff (Fig. 6c).

Stormflow concentrations and speciation of N

and P

Peak runoff during the July and September storms

ranged from 2x–4x mean daily runoff across the three

sites. Streamwater DON concentrations in the poor fen

more than doubled from pre-storm levels during the

July storm and increased 35% during the September

storm, but subsequently decreased to near pre-storm

levels on the falling limb of both storm hydrographs

(Fig. 7a, b). Similarly, DON concentrations increased

during both storms in the forested wetland and upland

forest, with the magnitude of increase greater in July

than in the September storm (Fig. 7c–f). Pre-storm

DON concentrations at all sites were higher before the

fall storm (average of 211 lg N L- 1) than before the

summer storm (average of 182 lg N L- 1), contribut-

ing to a greater percent increase in concentration

during the summer relative to the fall storm.

Table 1 Annual yields (± 1 SE) of dissolved N and P in the

poor fen, forested wetland and upland forest

Poor fen kg

km2 year- 1
Forest wetland kg

km2 year- 1
Upland forest kg

km2 year- 1

TDN 405.8 (39.2) 372.9 (58.6) 235.8 (28.4)

TDP 12.6 (1.3) 17.1 (2.3) 10.7 (1.2)

NH4-

N

2.9 (2.5) 17.6 (12.1) 3.7 (3.4)

NO3-

N

2.4 (1.3) 2.2 (0.7) 3.4 (0.9)

SRP 2.4 (0.5) 3.5 (0.5) 2.1 (0.4)

DON 400.5 (41.0) 353.1 (67.6) 228.7 (32.1)

DOP 10.2 (2.2) 13.6 (3.4) 8.6 (2.8)
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Fig. 5 Monthly yields of a DIN, b SRP, c DON and d DOP for the poor fen, forested wetland and upland forest across the year-long

sampling period
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In contrast to DON, DIN concentrations at all sites

decreased with flow, particularly during the summer

storm (Fig. 7a–f). The greatest overall percent decrease

in DIN occurred during the summer storm in the upland

forest, when concentrations decreased from a pre-storm

maximum of 17.1 to 2.4 lg N L- 1 a few hours before

peak flow. These event-driven shifts in N speciation

resulted in a severalfold increase in the ratio of DON to

DIN during peak flow at all sites and changes were

especially pronounced in the upland forest and forested

wetland during the September storm.

Streamwater DOP and SRP concentrations gener-

ally tracked runoff during both storms at all sites, with

the percent increase in concentrations from prestorm

levels greater during the July than the September

storm (Fig. 8a–f). The increase in DOP was most

pronounced at the forested wetland, where concentra-

tions increased from prestorm levels an average of 8

lg P L- 1 or * 70% over both storms. Prestorm SRP

concentrations at all sites were generally lower than

DOP, but increased by a larger percent (average of

* 400% across both storms and all sites) during

storms compared to DOP (average of 47% across both

storms and all sites). These changes in P concentration

were exemplified by log(DIN:SRP), which decreased

from prestorm levels at all sites to ratios\ 0.2 as a

result of the pronounced increase in SRP concomitant

with the decrease in DIN during storm flows (Fig. 9a–

d). Alternatively, log(TDN:TDP) in the wetland sites

either decreased slightly or changed little during

peakflow of both storms, but in the upland forest,

ratios increased from prestorm levels of* 1.3 to more

than 1.5 during peak flow (Fig. 9e, f).

Discussion

Seasonal export and stoichiometric ratios of N

and P

Our findings support the notion that catchment runoff

is a strong control on the magnitude and ratio of

dissolved N to P exported from forested watersheds

(Green et al. 2007; Green and Finlay 2010; Blackburn

et al. 2017; Koskelo et al. 2018). Previous studies in

forested and wetland watersheds receiving low

amounts of N deposition have shown that DON

dominates the dissolved N load in streamwater (Hedin

et al. 1995; Campbell et al. 2000; Pellerin et al. 2004;

Oyarzún et al. 2005). The fact that DON accounted for

[ 90% of the TDN load in our study streams is further

evidence that lateral DON export is the primary

pathway of N loss from temperate forested watersheds

where plant productivity is limited by N (Perakis

2002; Neff et al. 2003; Sponseller et al. 2018).

Streamwater DOP was also the dominant species

([ 70%) of TDP in our study confirming that organic

P is the dominant species of lateral P loss from forested

watersheds in the PCTR and similar to other regions

that do not receive elevated anthropogenic (e.g.

fertilizer runoff) inputs (Devito and Dillon 1993;

Seitzinger et al. 2005; Hood et al. 2019).

Fig. 6 Box plots of the slope coefficients (b values) grouped by
a dissolved organic and inorganic N and P for all three sub-

catchment types together. The line within the box is the median,

dots are the 10th and 90th percentile points and the vertical bars

are the 25th and 75th percentiles. Scatter plots of slope

coefficients (b values) for b DON and DIN (includes NO3
-

and NH4
?) and c SRP and DOP vs. the poor fen, forested

wetland (for wet) and upland forest (up forest)
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Dissolved organic N yields from our small, head-

water sub-catchments (Table 1) were greater than

those found in northern wetlands (Sponseller et al.

2018) and boreal forested watersheds (Aitkenhead-

Peterson et al. 2005; Blackburn et al. 2017), montane

forests of the Rocky Mountains (Hood et al. 2003;

Kaushal and Lewis 2005), and temperate forested

watersheds of the eastern U.S.A (Brookshire et al.

2007; Campbell et al. 2000), but similar to coastal

temperate South America (Perakis and Hedin 2002).

Yields of dissolved organic carbon (DOC) in the

relatively small watersheds of southeast Alaska and

coastal British Columbia are among the highest

reported on Earth (D’Amore et al. 2015; Oliver et al.

2017). Thus, the DON yields observed in this study

suggest that the high runoff, fluctuating water

tables and large soil organic matter pools (D’Amore

et al. 2015) that promote high DOC export from small

PCTR watersheds also promote DON export to coastal

ecosystems. This contrasts with DIN yields from the

study streams, which were less than forested water-

sheds in other regions, especially those subject to

anthropogenic inputs (e.g. fertilizer application; Scott

et al. 2007; Stanley and Maxted 2008), elevated N

deposition (Seitzinger et al. 2010) or an abundance of

N-fixing alders (Compton et al. 2003; Shaftel et al.

2012). These results suggest that tight biotic demand

of DIN previously observed in PCTR soils limits that

potential pool of exportable N to stream networks

(Bisbing and D’Amore 2018).

Streamwater N and P yields from the three sub-

catchments varied seasonally, which is consistent with
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Fig. 7 Runoff and streamwater concentrations of DIN and DON for the poor fen (a, b), forested wetland (c, d) and upland forest (e,
f) during the July 19–22 and September 6–9 storms
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studies of temperate forests showing distinct seasonal

patterns in nutrient export (Sponseller et al. 2014; Lin

et al. 2019). Our finding that the greatest fraction of

stream DON and DOP yield from all sites occurred

during August through October (autumn rainy season)

supports previous research in the region showing that

most of the DOC flux occurs during this period when

frequent frontal storms moving off the Gulf of Alaska

(GOA) deliver heavy precipitation to coastal southeast

Alaska (D’Amore et al. 2015; Oliver et al. 2017; Hood

et al. 2019). Watershed yields of dissolved N and P

were also substantial duringMay through July, with an

average of 30% of annual N and P export occurring

during this 3-month period despite presumably high

demand in terrestrial ecosystems during the summer.

The May through July loss of N and P was especially

pronounced in the poor fen, where an average of 36%

of TDN and TDP occurred during this period.

Similarly, previous studies show that peatlands of

northern Minnesota have low retention efficiencies of

N (* 50%) and P (* 25%; Verry and Timmons

1982) during the growing season despite strong

nutrient limitation of plant productivity (Hill et al.

2014).
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Fig. 8 Runoff and streamwater concentrations of SRP and DOP for the poor fen (a, b), forested wetland (c, d) and upland forest (e,
f) during the July 19–22 and September 6–9 storms
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Streamwater P concentrations generally showed

less seasonal variation than N at all sites. Streamwater

log(TDN:TDP) in the forested wetland and upland

forest were generally 25–50% lower during May

through October than the rest of the year even though

there was minimal seasonal variation in TDP concen-

trations (Fig. S1–S3). Since DON (dominant fraction

of TDN) production in PCTR soils is typically high

during the mid to late summer (Fellman et al. 2008;

D’Amore et al. 2010), either tight biotic retention of N

by both forested ecosystems and/or limited hydrologic

transport of DON during summer low flow conditions

likely resulted in the seasonal depression in

log(TDN:TDP) in the two sites. Furthermore, log

(DIN:SRP) showed no clear seasonal pattern across all

sites and was not related to runoff suggesting terres-

trial nutrient retention and hydrology interact to

control patterns of nutrient export and speciation

across the three sub-catchments (Sponseller et al.

2014). An improved understanding of the soil pro-

cesses that create soluble pools of nutrients available

for lateral transfer and how climate shifts might impact

these soil source pools would help to elucidate the

controls on terrestrial N and P transfer to streams.
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Fig. 9 Runoff and log transformed molar ratios of a–c TDN to TDP and d–f DIN to SRP for the poor fen (a, b), forested wetland (c,
d) and upland forest (e–f) during the July 19–22 and September 6–9 storms

123

264 Biogeochemistry (2021) 152:253–270



It is well accepted that N, P or some form of co-

limitation can constrain stream ecosystem production

in a wide range of streams (Francoeur 2001; Dodds

et al. 2002; Diemer et al. 2015; Docherty et al. 2018).

In our study, mean log(DIN:SRP) was 0.7 for all sites

together indicating nutrient delivery to streams occurs

in ratios that favor inorganic N limitation over P.

However, mean log(TDN:TDP) was 1.7 for all sites

together suggesting that if streams are able to readily

mineralize organic forms of N (Brookshire et al. 2005;

Lutz et al. 2011), P may limit overall production by

stream communities. Estimates of the delivery of

bioavailable DON to headwater streams do not reveal

the organic N contribution to stream production or the

extent to which it alleviates stream N limitation. The

ability of stream ecosystems to capitalize on these

terrestrial inefficiencies and use organic N likely

depends on inorganic N supply and the chemical

quality of DOM, with organic N contained in amino

acids and other monomers readily metabolized by

stream communities (Volk et al. 1997; Fiebig 1997;

Benner and Kaiser 2011). Although this study does not

evaluate the extent to which N and P control stream

ecosystem production relative to other factors (e.g.,

light, temperature), our findings suggest that seasonal

and event-driven shifts in N and/or P could constrain

production in PCTR streams.

Hydrologic control of N and P yields

Organic N and P yields are seldom investigated

together in catchment-scale studies and we found

evidence of a strong hydrologic control on their export

from the study sites. The power law relationship

between nutrient yields and runoff (b values[ 1.0)

and the correlations between Qw/Qmean and organic N

and P concentrations provide several lines of evidence

that soils in all three major landcover types we studied

contain large pools of soluble organic N and P that are

seldom depleted by high flows. These results suggest

that the hydrologic transport limitation commonly

observed for DOC in many forested and wetland

watersheds across the U.S.A. (Creed et al. 2015;

Zarnetske et al. 2018) may also control organic N and

P export.

Unlike for organic N and P, b values for the power

law relationship between DIN yields and runoff were

well below 1.0 indicating source- rather than trans-

port-limitation of DIN yields from the study sub-

catchments. This is likely the result of strong biotic

retention in the terrestrial ecosystem (Perakis and

Hedin 2001; Bisbing and D’Amore 2018). On the

other hand, b values for SRP were close to 1.0

suggesting changes in runoff were similar to SRP

production and transport to surface water. This finding

highlights the complex interplay between hydrologi-

cal and biological processes that control N and P

speciation and yields where sub-catchment soils likely

swing between strongly retentive and passive flow

through networks depending on hydrologic conditions

and seasonality. Overall, our findings suggest that a

broader understanding of watershed nutrient dynamics

cannot be achieved without a mechanistic understand-

ing of the impacts of seasonal and event-driven

changes in runoff on the concentration and speciation

of N to P exported from forested watersheds.

Stormflows alter N and P export and stoichiometric

ratios

Our storm sampling reveals how episodic changes in

runoff can impact the export and speciation of N and P.

During storms in the PCTR, streamflow is generated

almost entirely from flow through organic matter rich

surface soil horizons because soil water table levels

are elevated into the hydrologically active surface

horizons (Emili and Price 2006; D’Amore et al. 2015).

This results in the rapid flushing of DOC to surface

water (Sanderman et al. 2009; Fellman et al. 2009;

Wilson et al. 2013), as observed in this study for DON

and, to a lesser extent, DOP across all landscape types.

There was also a greater response for TDP (driven

mainly by SRP) concentrations during stormflows

than for TDN, similar to previous studies showing

shallow subsurface flow is generally enriched in SRP

relative to N due to the transport of P-rich particles

(Correll et al. 1999) and less potential for P soil

sorption (Olander and Vitousek 2004).

The positive correlation between Qw/Qmean and

seasonal N and P concentrations highlights the

episodic nature of high flow events in terms of N

and P export, particularly in organic forms (Inamdar

and Mitchell 2007), from PCTR watersheds. Strong

retention across the terrestrial–aquatic interface pre-

sumably limits inorganic N and P delivery to streams

during baseflow (Gerber and Brookshire 2014). How-

ever, storm flowpaths may bypass baseflow nutrient

and organic matter controls in terrestrial ecosystems
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(Wilson et al. 2016; Coble et al. 2016; Lin et al. 2019),

thereby exporting a pulse of both inorganic and

organic forms of N and P to the stream. Other studies

of temperate forested watersheds have similarly

shown that more than 70% of N, P and DOC export

occur during high flow events (Royer et al. 2006; Bhat

et al. 2007; Raymond and Saiers 2010). In an extreme

case, P export during Hurricane Irene accounted for an

estimated 50% of the annual dissolved P flux from

temperate forested streams on the eastern coast of the

U.S.A (Vidon et al. 2018). Future research that

involves sampling storms at different times of the

year and across a wider range of discharge is necessary

to enhance our understanding of the impacts of high

flow events on seasonal and annual N and P (and

speciation) export.

Event-driven shifts in streamwater N and P con-

centrations were evident in stoichiometric ratios

during both storms, as exemplified by the decrease

in log(DIN:SRP) to\ 0.3 during peakflow in all sites.

However, this convergence of log(DIN:SRP) was

ephemeral because once baseflow resumed following

the storm, log(DIN:SRP) diverged and became more

similar to the annual averages at each site. Therefore,

event-driven changes in soil hydrology, likely towards

a predominance of shallow subsurface flow, increased

the similarity between stream types with regards to

log(DIN:SRP). These results concur with previous

research showing that event-driven shifts in watershed

hydrology can result in ephemeral changes in the

degree of similarity in N to P ratios (Green et al. 2007).

Our findings provide evidence that stormflows send

pulses of nutrients to downstream ecosystems that

alter stoichiometric ratios and induce transient shifts in

the export of terrestrial nutrients. In the PCTR, the

substantial DON and DOP yields observed here and

the close proximity to the ocean of many small and

steeply sloping watersheds that are common to the

region likely results in the bulk of these terrestrial

nutrients being transported to coastal marine ecosys-

tems. Therefore, our findings support the notion that a

distributed network of small, ungauged near-coastal

watersheds export terrestrial nutrients to the sea of

similar (or greater) magnitude than larger monitored

rivers (Destouni et al. 2008).

Conclusions

Temperature in the PCTR is projected to increase

1.7–5.5 �C by 2100 and precipitation is predicted to

increase 80–560 mm by 2100, with an increasing

amount of precipitation falling as rain rather than snow

at sea level (Shanley et al. 2015). These changes will

increase the frequency and intensity of storms in the

region (Sharma and Déry 2020) as well as alter N and

P cycling (e.g., nitrogen mineralization; Bisbing and

D’Amore 2018) in the tightly linked terrestrial and

aquatic ecosystems in the region. Our findings indicate

that stormflows could become an even larger driver of

N and P export and stoichiometry under future climate

regimes. However, we still have a limited understand-

ing of how generalizable our findings are to storm-

flows over the course of the year or howN and P export

and speciation might be impacted when multiple

storms occur during a short period of time, such as

during the autumn wet season. Therefore, future

research on the impact of stormflows on nutrient

pulsing in headwater catchments will be a valuable

next step in determining the effects of changing

climate on the nutrient status of temperate forested

ecosystems, with potential implications for changes in

nutrient stoichiometry of their receiving waters.

Overall, our findings contribute new data on seasonal

and event-driven nutrient export and thus broaden the

perspective of the hydrologic control on N and P

stoichiometry in temperate forested watersheds.
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