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Abstract. Stable isotope studies have repeatedly shown marine nutrient incorporation from seabirds, anadromous fish
and tidal wrack into terrestrial and freshwater ecosystems. However, little is known about the physiological consequences
of marine-derived nutrient subsidies. Protein content and lipid storage are important physiologically, and the C : Nratio isa
widely used proxy that reflects changes in these quantities. In this study we tested the response of C: N ratios in stream
biota to the presence of marine-derived nutrients from Westland petrels, a forest breeding seabird. Samples of different
stream invertebrate functional feeding groups, predatory freshwater fish, coarse particulate organic matter and riparian soil
and vegetation came from four reference streams and four streams with a wide range of seabird densities. Samples were
analysed for percentage C, percentage N and 8'°N using isotope ratio mass spectrometry. The data were tested against
petrel colony size, stream size and distance from colony to sampling site. Despite increased 8'°N accompanying petrel
presence (as reported previously), Westland petrels had no effect on stream biota C: N ratios, regardless of colony
presence or absence or colony size. Despite the nutrients provided by petrels, we conclude that petrel N replaced rather than

enhanced non-marine N in these stream ecosystems.
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Introduction

Beginning with the insights of oceanographer Arthur C. Red-
field in the 1930s, elemental ratios (most often carbon : nitrogen,
C:N; carbon:phosphorus, C:P; or nitrogen:phosphorus,
N: P) are an easy-to-measure and conceptually powerful way of
establishing the pathways taken by chemical elements through
an ecosystem (Sardans ef al. 2012). Expressed as ecological
stoichiometry, these stoichiometric relationships also reflect
resource quality (Hessen er al. 2013; Frainer et al. 2016).
Resource quality, whether measured by stoichiometric rela-
tionships or by the presence of particular key biomolecules
(Twining et al. 2016; Sperfeld et al. 2017), profoundly affects
the growth and reproduction of animals from birds (Fairhurst
et al. 2015) to invertebrates (Kerpel er al. 2006), thereby
affecting ecosystem structure and composition.
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Freshwater ecosystems can be N limited, P limited or
colimited, and the stoichiometry and biomass of primary pro-
ducers at the base of the food web often responds to nutrient
enhancement (Elser e al. 2007; Trochine et al. 2017). However,
colimitation often predominates, with alternation between dif-
ferent limiting elements depending on the spatial and temporal
scale (Sperfeld et al. 2012). As with many ecosystems, the
nutrient status of streams can be affected by natural or anthro-
pogenic cross-boundary transfers, which can occur at both local
and landscape scales (Polis et al. 2004; Sudduth et al. 2013;
Sitters et al. 2015). Anadromous fish and seabird breeding both
function as landscape-scale ecosystem engineers (Smith et al.
2011). Colonial seabirds enrich the soils and plants of their
breeding and roosting sites, whereas anadromous fish returning
to spawn provide direct inputs to streams (Janetski et al. 2009;
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Mulder et al. 2011). Secondary processes transfer the fish-
derived nutrients into riparian biota (Naiman ef al. 2002; Hicks
et al. 2005) and seabird-derived nutrients into streams (Harding
et al. 2004).

Seabird inputs to soil are dominated by guano, and its input
dominates ecosystem nutrient fluxes to the extent of over-
whelming the nutrient binding capacity of soil (Furness 1991;
Hawke and Newman 2004). Seabird guano typically has a diet-
dependent P-rich N : P stoichiometry relative to recipient eco-
systems (Burger e al. 1978). In the case of Westland petrels
(Procellaria westlandica), guano N:P stoichiometry ranges
between 1.9:1 and 7.4:1 by mass depending on the time of
year (Hawke 2005), compared with a foliar N : P threshold for N
limitation of ~12.5:1 (Tessier and Raynal 2003; Richardson
et al. 2004).

Mediation of seabird inputs by soil may further decrease the
N : P stoichiometry of material reaching streams. This stoichio-
metric change can occur through N loss to the atmosphere,
P contributions from soil parent material and solubilisation of
refractory P in seabird soil (Hawke 2005; Hawke and Condron
2014). However, these processes depend considerably on soil
properties. Ammonia volatilisation and denitrification are gov-
erned by soil cation exchange capacity, pH, moisture and texture
(Whitehead and Raistrick 1993; Balaine et al. 2016), and soil
parent material varies widely in its P content (Walker and
Adams 1958). Nevertheless, the combination of a P-rich guano
stoichiometry, the post-deposition losses of guano N and the
solubilisation of soil P suggest that streams affected by seabird
inputs will be forced towards N rather than P limitation.

Understanding the stoichiometric effect of nutrient inputs on
a recipient ecosystem must include consideration of spatial
scale. At a watershed scale, nutrient inputs can bring about a
different biotic community with a higher nutrient content, as
opposed to the effect on the nutrient content of a particular
individual taxon. At a spatial scale of the 0.1-10 ha typically
occupied by individual seabird colonies, terrestrial plant foliage
is typically more N-rich than non-seabird site plants and often
reflects an altered plant community composition (Mulder et al.
2011). Similarly, anthropogenic enrichment of stream systems
with nutrients typically decreases biota C: N (Sistla et al. 2015).

At a taxon level, the extent to which nutrient inputs affect
stoichiometry depends on the taxon’s physiology (Frost et al.
2005; Kendrick and Benstead 2013), with the capacity of
organisms to tolerate (or respond to) stoichiometric imbalances
varying widely. Nevertheless, an individual animal typically
moderates changes in dietary stoichiometry by either excretion
(Zhang et al. 2014; Moody et al. 2015) or diet choice (Simpson
and Raubenheimer 1993; Sperfeld e al. 2017). In forest soil
invertebrates at a Westland petrel (P. westlandica) colony, a
15% enhancement of terrestrial amphipod (Talitridac) C:N
accompanied a 2.5-fold enrichment in leaf C: N (Hawke and
Holdaway 2005; Hawke ef al. 2017). Small and Pringle (2010)
reported that a 50-fold geologically derived enhancement in
dissolved reactive P was accompanied by a doubling in con-
sumer C: P ratios in taxonomically similar insect assemblages
from a Costa Rican stream system.

C and N incorporation from marine sources into terrestrial
and stream systems are readily identified using the stable
isotope ratios *C:'>C (reported as 8'°C) and "’N:!N
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(8"°N), because 8'°C and 8'°N values are comparatively high
in marine systems. However, investigations of seabird input
effects on nutrient content and stoichiometry have mostly
focused on terrestrial plant foliage. In the present study we
tested the hypothesis that breeding Westland petrels will
decrease C:N ratios in stream biota assemblages where sub-
stantial marine N input had previously been inferred from 8'°N
measurements (Harding et al. 2004).

Materials and methods

This research was conducted with permission from the New
Zealand Department of Conservation (Permit number WC-
26300-FAU) and the University of Canterbury Animal Ethics
Committee (Permit 2014/09R).

Study area

The Westland petrel is a medium to large burrowing seabird
endemic to New Zealand, with a small but stable population of
3000-5000 breeding pairs (Waugh et al. 2006; Wood and Otley
2013). Westland petrels breed in the austral winter and are the
only substantive remnant of formerly extensive forest seabird
breeding throughout mainland New Zealand (Worthy and
Holdaway 2002). Colonies are dispersed unevenly across 700 ha
close to ridgelines within four deeply dissected forested catch-
ments in the foothills of the Paparoa Range on the West Coast
(South Island), the colonies themselves occupying 10% of this
area (Wood and Otley 2013; Fig. 1; Table 1). The colonies are
not static, and individual colonies move around the landscape on
a time-scale of centuries following earthquakes and major
storms (Hawke 2004; Waugh et al. 2015). The soil in these
colonies is highly P rich, the N : P mass ratio in the soil to 60-cm
depth at a Westland petrel colony in the Scotchman Creek
catchment ranging from 4.3 : 1 (based on total soil P) to 5.1:1
(based on soil P in excess of parent material contributions;
Hawke 2005).

Harding et al. (2004) investigated two streams with Westland
petrels (Scotchman and Liddys creeks) and three reference (non-
seabird colony) streams (Canoe, Deverys and Maher creeks).
Scotchman and Liddys creek catchments each have an order of
magnitude more burrows than the other two catchments with
Westland petrels (Table 1). Harding et al. (2004) reported 28—
38% marine N in four components of seabird stream biota
(leaves, moss, mayflies as representative primary consumers,
and predatory insects), but noted some ambiguity about 3'°N
values from the reference streams because of potential legacy
effects from former seabird sites or possibly to wandering
agricultural animals. Rather than simply calculating C : N ratios
from this dataset, we included all known streams with Westland
petrels and all common elements of stream biota. In addition to
the only four streams with seabirds (Scotchman, Liddys, Wai-
whero and Hibernia creeks), we chose four nearby non-seabird
colony streams (Canoe, Deverys, Maher and Gaza creeks; Wood
and Otley 2013). The eight streams differed to some extent in
mean annual flow (Table 1), although all had similar stream
communities and history, geology (typically sandstones), cli-
matic conditions (annual rainfall ~2500 mm; mean annual
temperature ~11°C) and riparian plant communities (regener-
ating temperate mixed podocarp rainforest; Don 1986).
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Fig. 1. Study area, showing the four stream catchments hosting Westland
petrels and the four reference streams.

Table 1. Mean annual flow, number of seabird burrows and distance
from the sampling site to the colony for streams receiving seabird
subsidies and reference streams (no seabird subsidies)

Mean annual flow was estimated according to Leathwick er al. (2010).
Seabird burrows and distance from the sampling site to the colony were
taken from Wood and Otley (2013). NA, not applicable

Creek Mean annual Number of Distance from sampling
flow (m*s™")  seabird burrows site to colony (m)
Canoe 0.70 0 NA
Deverys 0.075 0 NA
Gaza 0.0088 0 NA
Maher 0.084 0 NA
Hibernia 0.10 86 2200
Liddys 0.073 2113 1600
Scotchman 0.045 5520 800
Waiwhero 0.30 241 900

There was no agricultural activity in any of the stream catch-
ments upstream of our sampling sites, and only a few isolated
dwellings. Stream water chemistry in the study area was

R. Gamlen-Greene et al.

dominated by sea salt inputs, except for Ca (D. J. Hawke,
unpubl. data). Ca concentrations in seabird streams are higher
than non-seabird streams, potentially coleached with nitrate
(Likens et al. 1998) or directly from seabird guano.

Field methods

We sampled a single reach on each stream, based on results
showing negligible differences in macroinvertebrate 8'°N along
the reach of Scotchman Creek (Harding et al. 2004). At each
stream, benthic invertebrates from collector—browser, filter
feeder and predator functional feeding groups (Cummins and
Klug 1979) were collected using a kick net (mesh 500 um). Fish
(the top predators in these systems) were trapped and riparian
spiders (two to four at each site) were hand collected. Freshwater
reptiles, amphibians and freshwater mammals are all absent
from these systems. Coarse particulate organic matter
(>0.5 mm) was collected from streambed debris. Algal mass
was scraped from five randomly selected inorganic streambed
substrates (e.g. boulders and cobbles). A single composite soil
sample was collected comprising three randomly selected cores
(15 x 4 cm) taken 5 m apart either side of each stream, and ~1 m
from the stream wetted edge. Approximately 50 g (dry weight)
of riparian vegetation (live leaves and twigs) representing a
selection of plant species was collected within 1 m of the wetted
edge. All sampling took place between December 2013 and
April 2014.

Water sampling for nitrate-N, dissolved reactive P and
pH took place as part of a separate water quality project
(D. J. Hawke, unpub. data). We chose a subset of two seabird
streams (Scotchman and Hibernia creeks) and two non-seabird
streams (Deverys and Maher creeks), the smaller number of
streams being chosen to expedite analysis within our field time
constraints. Samples (500 mL) were filtered (ashed Whatman
GF/F, GE Healthcare, Little Chalfont, Buckinghamshire, UK)
and pH measured immediately on site, and chemical analysis
(by spectrophotometry) completed at the field base within 2-3 h
of sample collection to minimise storage artefacts. The pH
measurements used a combination electrode, with a prior two-
point calibration offsite followed by a one-point calibration onsite.

Laboratory analysis

Invertebrates were identified to the lowest identifiable taxo-
nomic level within functional feeding groups, and their guts
removed to prevent contamination by ingested food materials.
Abdominal muscle was dissected from individual fish that had
been identified to the species level. Samples were dried at 60°C
within a few days of collection, then ground to a fine powder
using a ball mill or agate mortar and pestle. Smaller stream
invertebrates were combined as required to provide sufficient
material for analysis (1 mg); no attempt was made to distinguish
between instars, given their similarity.

Total C, total N and the N stable isotope number ratios
("N : "N; expressed as 8'°N according to Coplen 2011) were
measured from duplicates of finely ground samples using a
ThermoFinnigan DeltaPlus continuous flow isotope ratio mass
spectrometer (Bremen, Germany) at the University of Canter-
bury using a two-point normalisation relative to certified refer-
ence materials Values for '*C:'>C (expressed as 8'°C) were
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also determined, but seabird and reference stream data over-
lapped. The standard deviations of repeated analyses of an
internally calibrated acetanilide control standard were 0.3%o
(8"°N; mean value —0.93%o), 3.7% C (mean value 71.5%) and
0.7% N (mean value 10.1%). C:N ratios (mass:mass) were
generated as part of the isotopic analysis.

Stream water nitrate concentrations were determined using
the ultraviolet (UV) absorbance method of Armstrong (1963),
although the ‘compositional effects’ referred to by Moorcroft
et al. (2001) mean that the results can be regarded as indicative
only. Dissolved reactive P concentrations were determined
using the manual colorimetric method of Murphy and Riley
(1962). Both analyses used a Shimadzu UV mini-1240 spectro-
photometer (Kyoto, Japan).

Data analysis and display

Nitrogen isotope ratios typically respond to both trophic level
and N source, whereas the C: N ratio expresses an organism’s
nutritional state. To display 8'°N values and C : N ratios of the
numerous taxa and stream elements in an easy-to-understand
way and to visualise the niche spaces occupied in our study
system, we plotted 8'°N—C : N convex hulls for all taxa from the
seabird and non-seabird reference streams. Two-dimensional
biplot geometries provide useful numerical representations of
ecosystems and their ecological niches, and the convex hull is
the simplest geometric form that encloses the data for all the
components of a particular ecosystem (Layman et al. 2007;
Newsome et al. 2007). The values for the vertices of the convex
hulls came from the means of each taxon or stream element from
seabird and reference streams.

Data analysis involved: (1) confirmation of the seabird effect
on stream biota 8'°N reported by Harding et al. (2004); (2)
evaluation of the effect of seabirds on C:N ratio; and (3)
evaluation of the relationship between stream biota 8'°N and
their C : N ratios. To confirm the seabird effect on 8'°N, we used
a paired r-tests to compare mean 8'°N values from the three
stream invertebrate taxa (Deleatidium spp., Coloburiscus spp.,
Archichauliodes diversus) and a fish (Gobiomorphus huttoni)
collected from at least two seabird and two reference streams,
plus benthic algae, coarse particulate organic matter (CPOM)
and riparian plants and soil.

Having confirmed an effect of seabirds on 8'°N, we ran
t-tests separately for individual ecosystem components for C: N
v. treatment (seabirds v. no seabirds) at a family error rate of
o = 0.05. These tests were controlled for multiplicity by
correcting the critical P-value using the Bonferroni correction
to make the post-correction critical P value = 0.00625
(i.e. « =0.05 = 8 t-tests). We did not have enough explanatory
power to control for other variables in the #-tests.

Finding no stoichiometric response to Westland petrels at an
individual ecosystem component level, we analysed C:N
against 8'°N in a linear mixed effects model (R ver. 3.1.1; R
Foundation for Statistical Computing, Vienna, Austria) com-
paring seabird streams with reference streams. The model
(R package Ime4, ver. 1.1-7, Bates et al. 2015) assumed: (1)
random ecosystem component intercepts to account for inter-
specific differences, noting that taxon size independently pre-
dicts neither chitin content (Lease and Wolf 2010) nor trophic
niche (Schneider ef al. 2004); and (2) site intercepts to account
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for background variability in sites (Bates et al. 2015). Subsidy
intensity was accounted for using three factors: current burrow
numbers (Wood and Otley 2013), a dilution factor (mean annual
flow) and distance from the current colony to sampling site.
Distance from colony to sampling site was included because of
potential changes to stoichiometry occurring through additional
processing (Levi et al. 2013; Sitters et al. 2015). The data for the
resulting ecosystem model were analysed at a family error rate
of o = 0.05 and C:N ratios were log transformed to fit the
assumptions of a linear model. For each ecosystem component,
increasing 8'°N values were assumed to indicate a greater
incorporation of seabird N.

Results

Stream water nitrate-N concentrations were higher in the two
seabird streams (Scotchman and Hibernia creeks, 86 and 67 pM
respectively) than in the two non-seabird streams sampled
(Maher and Deverys creeks, 45 and 14 pM respectively). Dis-
solved reactive P concentrations overlapped (Scotchman and
Hibernia creeks, 0.36 and 0.76 uM respectively; Maher and
Deverys creeks, 0.41 and 0.15 pM respectively). The pH values
were slightly more acidic in the seabird than non-seabird
streams (6.42, 6.52, 6.69 and 6.70 in Scotchman, Hibernia,
Mabher and Deverys creeks respectively).

Seabird stream biota 3'°N values were significantly higher
than those for reference streams (paired ¢+ = 9.047, n = 8,
P = 0.008; Fig. 2), consistent with the results reported by
Harding et al. (2004). The 95% confidence interval of the
difference was 1.9-3.2%o. The 8'°N—C: N convex hulls from
seabird and reference streams were both trapezoid in shape; the
seabird stream convex hull centroid (8'°N, 4.8%o) lay 2.9-7.8%o
lower than Westland petrel guano and colony soil and foliage
8'°N values (Fig. 2). Unlike the 8'°N—-C: N convex hulls, the
3'C—C: N data from seabird and reference streams showed no
marine isotope effect, largely overlying each other in both
individual taxa and in the convex hulls (Fig. S1 in the Supple-
mentary material). Further analysis of the carbon isotope data
was therefore not pursued.

Although mean 8'°N values from the 11 taxa (plus CPOM
and riparian plant foliage and soil) were consistently higher in
seabird streams, overall C : N ratios overlapped (Fig. 2, S2-S3 in
the Supplementary material). Similarly, the general linear
model that allowed for burrow numbers and other catchment
variables showed no significant effect of the presence of sea-
birds on mean C : N ratios (Fig. 3). However, none of the effects
were statistically significant. Conversely, when the response
of the C:N ratio to 8 '°N was tested on an ecosystem scale
(i.e. when the individual ecosystem components were consid-
ered random effects in the analysis), C:N ratios decreased
significantly as 8'°N increased (F = 6.7260, P = 0.021; Fig.
S4 in the Supplementary material).

Discussion

Our study showed no effect of seabird subsidies on stream biota
C: N ratios even though seabirds provide 28-38% of the N in
stream biota in Scotchman and Liddys creeks (Harding et al.
2004). The absence of a seabird effect on C: N ratios suggests
that the taxa in our system buffered the allochthonous N from
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Fig.2. 3"°Nand C:N convex hulls for seabird (S) and reference (R) streams, based on mean values for
all taxa collected. Contextual data sources are Hawke (2005), Hawke and Vallance (2015) and Hawke
et al. (2017). Convex hull vertex abbreviations and ecosystem elements as follows: CPOM, in-stream
coarse particulate organic matter; predatory fish, Gobiomorphus huttoni; snail, Potamopyrgus; riparian
spider, Dolomedes spp.; shredder, Coloburiscus sp.; mayfly, Deleatidium spp. The ecosystem elements
enclosed within the convex hulls are shown in Fig. S2.
60 overwhelms any nutrient effect on primary production. This
. possibility is also consistent with the similarity we found in a
1 1:1 single sampling of dissolved nutrients. However, the streams in
. our study had abundant CPOM as an alternative C source for
stream animals, a consequence of the same dense forest cover
. that putatively generated light limitation. Furthermore, colimi-
. 40— | tation predominates in most systems (Sperfeld et al. 2012), of
S [ which light is one important factor. Harpole et al. (2011)
8 ' proposed three generalised pathways for colimitation, two being
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also play a part in stream productivity, along with potential
Fig. 3. Mean (+£s.d.) C:N ratios for streams with and without seabird physiological effects.

colonies for ecosystem components in west coast streams. Anything above
or below the 1 : 1 line indicates a difference in the C : N ratio between the two
treatments (i.e. streams with v. without seabird colonies). Riparian soil,
riparian top soil; CPOM, in-stream coarse particulate organic matter; stream
algae, biofilm; primary consumer, mayfly Deleatidium spp.; secondary
consumer, Megaloptera Archichauliodes diversus; aquatic predator, redfin
bully Gobiomorphus huttoni; riparian predator, spider Dolomedes spp.

seabirds. Consequently, the calculated seabird-derived N simply
replaced non-marine N in stream biota affected by seabirds.
An alternative explanation to physiological buffering of the
extra nutrients is that our study streams are light limited rather
than nutrient limited. In this scenario, the dense forest cover that
dominates the mostly low-order streams sampled in our study

The seabird and reference streams in this study each encom-
passed 8'°N of 8-9%o or ~2.5-3 trophic levels, from carbon-
rich CPOM to protein-rich predatory fish. The strong inverse
relationship between C : N ratios and 3'°N that we found in our
combined seabird and reference stream data matches decreases
in C:N ratios with increasing trophic level found in streams
elsewhere (Cross et al. 2003; Evans-White et al. 2005). The
decrease in C:N ratios with increasing trophic level demon-
strates an ecosystem-scale loss of C relative to N, a process well
known in soils as leaf litter decomposes (Berg and Laskowski
2006). The great surprise of the present study is that seabird
nutrients did not appear to disturb this process in streams, even
though the level of marine N incorporation in stream biota is
large (Harding er al. 2004) and Westland petrel colony soil
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microbes are carbon limited due to nutrient saturation (Hawke
and Vallance 2015). Similarly, seabird nutrients did not disturb
the 8'°N—C : N convex hulls, apart from the seabird-driven shift
in 8'°N. This is despite the sensitivity of convex hulls to changes
over different time-scales in the isotopic signatures of their basal
resources, such as ammonia and nitrate (Layman et al. 2012).

Our analysis disregarded the potential effect of fluctuations
in petrel populations over a range of time-scales, and associated
legacy effects on nutrient fluxes to streams. Sections of colonies
are lost in response to storms of varying intensities and to
earthquakes, re-establishing later when soil depth allows bur-
rowing (Hawke and Powell 1995; Hawke 2004; Waugh et al.
2015). Superimposed on these entirely natural events is the
extirpation of most of the seabirds that occupied our general
study area following human settlement sometime after 1320 CE
(Worthy and Holdaway 1993; Holdaway et al. 2014).

Given that nutrients remain in the soil after the seabirds have
gone (Mizutani et al. 1991; Hawke and Powell 1995), legacy
effects on fluxes to streams are a very real possibility. However,
the readily detectable legacy elements in soil do not necessarily
imply corresponding legacy fluxes to streams. As noted else-
where (Hawke and Newman 2004), allochthonous nutrients can
only accumulate in soil to the extent that soil binding capacity
allows. Because of the high level of seabird nutrient input and
finite binding capacity in soil, nutrients turn over quickly, a
decadal residence time being calculated for the Scotchman
Creek system (Hawke 2005). However, once seabird inputs
cease at a particular site, losses will diminish quickly as nutrient
concentrations decrease to match the availability of soil binding
sites. Therefore, these legacy fluxes to streams will become
increasingly difficult to identify.

Because the catchments in the general study region were
substantially affected by seabirds (Worthy and Holdaway 1993),
testing potential legacy effects by studies outside the area
presently occupied by Westland petrels would be of question-
able validity. Another way of resolving the potential legacy
effect would be an in situ nutrient limitation experiment.
Unfortunately, we have already unsuccessfully attempted these
experiments, which are problematic in our study area given
intense rain storms typically occurring numerous times a year.

A challenge faced by field-based surveys such as ours is that
stoichiometric effects can be masked by variability in size
distributions and invertebrate ontogeny across multiple taxa
(Halvorson and Small 2016). Halvorson and Small (2016) argued
that experimental manipulations on single taxa comprise the only
valid approach for assessing nutrient addition effects on stoichio-
metric ratios. Although laboratory experiments provide an excel-
lent way of assessing the stoichiometric flexibility of individual
taxa, there is also a need to know what happens when these taxa
are assembled within ecosystems. However, the stoichiometric
approach to the assessment of ecological limitation is itself
coming under pressure as the complexity of molecular responses
to limitation or enrichment become better known (Wilder and
Jeyasingh 2016). Unfortunately, measurement of physiologically
relevant biomolecules remains time consuming and relatively
complex, whereas C and N data are included with stable isotope
results generated by high-throughput automated instruments. It is
not practical to analyse all samples for all conceivable analytes.
Rather, we suggest that observational field studies such as ours
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serve as a basis for more directed chemical and ecological
analysis, including in vitro experiments.

Our study addressed the physiological question of whether
nutrient inputs from Westland petrels could affect the stoichi-
ometry of stream organisms, similar to that observed in plant
foliage and soil invertebrates within the Westland petrel breed-
ing colonies alongside increases in 3'°N values (Hawke and
Holdaway 2005). Although disruptions to stoichiometry appear
confined to the terrestrial environment of the petrel colony, our
study leaves open the question of Westland petrel effects on
ecological measures such as in-stream productivity and biomass.
Studies on salmonid spawning habitats have demonstrated
complex interactions between the amount of marine nutrient
loading and stream productivity and biomass (Wipfli ez al. 1999;
Collins et al. 2015; Samways and Cunjak 2015). Although mass
balance calculations (Hawke 2005) demonstrate that Westland
petrel-derived nutrient fluxes to streams will be substantial, the
likely moderation of these inputs by a combination of soil
drainage and overland flow suggests that interactions in West-
land petrel streams will be just as complex as those occurring in
the salmon streams of the Pacific North-west and the North-east
Atlantic.

Conclusions

Ecological stoichiometry is a useful theoretical framework
linked to ecological processes such as reproduction and nutrient
cycling. Although nutrient enrichment effects on C: N and C: P
ratios have been reported in a wide range of terrestrial and
stream invertebrates, we found that the presence of Westland
petrels did not measurably affect the C : N ratios of stream biota.
Consequently, our results demonstrate that elevated ecosystem
3"°N values from marine-derived N do not necessarily lead to
direct changes in stoichiometry. Although stable isotope mea-
surements provide a useful indication of marine N movement
into a recipient ecosystem, a comprehensive assessment of the
effect of seabirds on stream ecosystems should include mea-
surements of ecologically significant quantities, such as bio-
mass (and associated mass balance measurements) and
productivity. Given that stoichiometry is a convenient proxy for
more complex molecular-scale effects, these field measure-
ments could usefully be complemented by laboratory experi-
ments focusing on essential biomolecules, such as essential fatty
acids and essential amino acids.
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