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Abstract. Oceania rivers are hotspots of DIN (dissolved stream and the downstream aquatic environment. Based on
inorganic nitrogen) and DIP (dissolved inorganic phospho-our field observation, we constructed a conceptual model il-
rus) transport due to humid/warm climate, typhoon-inducedlustrating different remobilization mechanisms for DIN and
episodic rainfall and high tectonic activity that create an DIP from headwaters in a mountainous river, which is anal-
environment favorable for high/rapid runoff and soil ero- ogous to typical Oceania rivers and the headwater of large
sion. In spite of its uniqueness, effects of hydrologic con-rivers in similar climate zones. Our study advanced our un-
trols and land use on the transport behaviors of DIN andderstanding about the role of cyclones, which exert hydrolog-
DIP are rarely documented. A 2yr monitoring study for ical control, and land use on nutrient export in the Oceania
DIN and DIP from three headwater catchments with dif- region, benefiting watershed management under the context
ferent cultivation gradient (0 To 8.9 %) was implemented of climate change.

during a~ 3 day interval with an additional monitoring
campaign at a 3 h interval during typhoon periods. Results

showed the DIN yields in the pristine, moderately cultivated

(2.7%), and intensively cultivated (8.9 %) watersheds werel Introduction

8.3, 26, and 37kgNha yr—1, respectively. For the DIP

yields, they were 0.36, 0.35, and 0.56 kg P har—1, respec- The global biogeochemical cycles of nitrogen (N) and phos-
tively. Higher year-round DIN concentrations and five times Phorus (P) have been significantly altered due to the in-
larger in DIN yields in intensively cultivated watersheds in- creasing demand of food and energy consumption caused
dicate DIN is more sensitive to land use changes. The higty increasing population and human activities (Galloway
background DIN yield from the relatively pristine watershed @nd Cowling, 2002; Seitzinger et al., 2010). In the past five
was likely due to high atmospheric nitrogen deposition angdecades, the rate at which biologically available nitrogen en-
large subterranean N pool. The correlations between runoffers the terrestrial biosphere has doubled. The increase in the
and concentration reveals that typhoon floods purge out moréate stems from human disturbances, such as fertilizer pro-
DIN from the subterranean reservoir, i.e., soil, by contrast,duction, fossil fuel combustion, cultivation, and livestock in-
runoff washes off surface soil resulting in higher suspendecustry (Galloway et al., 2004). The phosphorus entering into
sediment with higher DIP. Collectively, typhoon runoff con- the environment has also been doubled due to mining and
tributes 20-70% and 47-80 %, respectively, to the annualhe use of rock phosphate as fertilizer, detergent additives,
DIN and DIP exports. The DIN yield to DIP yield ratio var- animal feed supplements, and other technical uses (Bennett
ied from 97 to 410, which is higher than the global mean of €t al., 2001; USGS, 2008). The increasing discharge of dis-

~18. Such a high ratio indicates a P-limiting condition in Solved inorganic nitrogen (DIN) and phosphorus (DIP) from
rivers may subsequently induce eutrophication in freshwater
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and coastal marine ecosystems (Turner et al., 2003; Duaheadwater catchments representing different cultivation ex-
et al., 2007; Conley et al., 2009) resulting in seasonal hy-tents. These catchments were monitored during a 3 day inter-
poxia, harmful algal blooms, and losses in fishery produc-val, and were supplemented by typhoon sampling ata 3 h in-
tion in aquatic ecosystems (Lu et al., 2011; Billen and Gar-terval. The study is useful to the watershed biogeochemistry
nier, 2007; Diaz and Rosenberg, 2008; Howarth et al., 1996field because our work captured these fluxes for (1) Oceania,
Rabalais, 1996). Moreover, the imbalanced export of DIN a globally significant region whose river exports are known to
and DIP from land/soil that cause a change in the riverinebe significant and increasing; (2) smaller catchments, which
DIN : DIP ratio may alter phytoplankton community struc- represent lotic environments, that are most vulnerable to land
tures, consequently, deteriorating the ecosystem (Justic et aluse activities while at the same time critical to our under-
1995; Howarth et al., 1996; Rabalais et al., 1996; Elser et al.standing of source inputs to larger river systems; and (3) ty-
2009). phoon events of varying strength enabling some assessment
Oceania is a region centered on the islands of the tropi-of how fluxes behave during these events, which are likely to
cal Pacific Ocean. Oceania ranges from the coral atolls an@dontinue to change with climate variation.
volcanic islands of South Pacific to the entire insular region
between Asia and the Americas, including Australasia and
the Malay Archipelago. Oceania rivers account for 4.5% of2  Study site
the total land surface area on Earth and export up to 12%
and 35% of the global water and sediment discharge, reThe Chichiawan Watershed located in Central Taiwan has a
spectively (Milliman et al., 1999). High precipitation, steep drainage area of 105 idrand elevations ranging from 1131
slopes, small basin areas, and frequent flood events can irte 3882 m above sea level. The mean daily air temperature
duce high erosion rates on Oceania islands (Kao and Milli-is 13.5°C with an average of 89 in January and 17°C
man, 2008). The mass flux from such small rivers might alsoin July (see more details in Fig. 2). The annual runoff is
have unique biogeochemical significance since many of these- 3300 mm, and- 75 % of the runoff occurs during the wet
rivers discharge material onto narrow shelves and canyonsseason (May to October), primarily during the typhoon peri-
facilitating material bypass to the deep sea (Milliman, 1995;0ds. In the remaining months (November to April in the next
Nittrouer et al., 1995; Carey et al., 2002; Lyons et al., 2002;year, dry season) the other 25 % occurs.
Kao et al., 2006; Leithold et al., 2006). Model studies have This creek consists of three major tributaries; namely,
demonstrated that Oceania rivers are significant sources dhe Gaoshan (area21 kn?), Yikawan (area= 53 kn?), and
global DIN and DIP export (Seitzinger et al., 2005, 2010) and Yusheng creeks (area31kn?) (Fig. 1). The Gaoshan and
projected that the riverine N flux in Oceania will increase to Yikawan creeks are the only habitat for the formosan land-
over 10% by 2030 (Bouwman et al., 2005). However, thoselocked salmon@ncorhynchus masou formosah$ung et
models are mainly extrapolation from large rivers with lim- al., 2006; Lee et al., 2012). In this study, the high-frequency
ited data from Oceania rivers (Meybeck, 1982; Caraco andvater sampling sites were installed. G stands for pristine
Cole, 1999; Smith et al., 2003). A comprehensive study forwatershed, Gaoshan Creek (0% cultivated land). K is lo-
Oceania rivers is difficult due to the effect of frequent ty- cated downstream of the intersection of Gaoshan Creek
phoon events, which plays the critical role in material trans-and Yikawan, which represents a moderate cultivation level
port, on field sampling. By comparison, Taiwan has relatively (2.7 % cultivation). Y stands for Yusheng Creek, which rep-
abundant resources for researchers working on these topiggsents an intensively cultivated watershed (Table 1). Al-
(Kao and Liu, 2000; Kao et al., 2005). though the Yusheng Creek watershed has only 8.9 % agricul-
Taiwan is a subtropical mountainous island with the max-ture land, which is not intensive at all when compared to the
imum elevation of~4000ma.s.l. and~70% of its area cultivated extent in the Continents, this watershed has a low
above 100 ma.s.l. The island-wide annual rainfall is approxi-water quality index and degradation in benthic algae biodi-
mately~ 2400 mm, which is over 3 times of the global aver- versity (Yu et al., 2005). Moreover, the mountainous water-
age (Legates, 1995). Due to steep slopes and small watesheds are more sensitive to farming activity (Huang et al.,
sheds, about 70% of the annual rainfall turns into runoff.2012b) where even a small percentage of cultivation is influ-
During May to October, the season of growing and fer- ential, particularly for the high water quality demand of the
tilizer application for agriculture, 3-5 typhoons strike Tai- upstream biome.
wan, increasing episodic runoff facilitating high erosion and Three precipitation gauges maintained by the Taiwan
nutrient export to the aquatic system. In headwater catchPower Company are located in this area (Fig. 1). The most
ments, agriculture-associated land use is limited by governwestern gauge monitors air temperature as well. Two hydro-
ment rules, yet nutrient export is extremely sensitive to thelogic gauges monitor water levels, one for Yusheng Creek
runoff and land use type coverage (Huang et al., 2012b). and one for the entire Chichiawan (all three creeks). The
In this paper, we investigated the DIN and DIP fluxes for consecutive water levels will be transferred into hourly
headwater catchments for two years (2007-2008). The niwater discharge via a rating curve of water discharge
trate and phosphate concentrations were measured in thregainst water level, which is calibrated each year. The most
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Fig. 1. The landscape of the study watershed, including sampling sites, rainfall gauges, discharge gauges and land use patterns. The stud
watershed was divided into three sub-catchments representing pristine (water samples taken at Sta. G), moderately cultivated (Sta. K), an
intensively cultivated watersheds (Sta. Y).

Table 1.Basic landscape characteristics and land use patterns in the pristine, moderately cultivated, and intensively cultivated watersheds.

Landscape characteristics

Creekname Sta.ID Drainage area Slope Elevation Max. flow length

(km?) (deg.) (m) (km)

Pristine Gaoshan G 21.05 74.4 2577 10.8
Moderately cultivated  Yikawan K 74.03 714 2581 17.09
Intensively cultivated  Yusheng Y 30.92 56.8 2182 15.48
Land uses Natural Mixed Secondary GrassBareland Orchard Active Inactive

forest forest forest farm farm
unit % % % % % % % %
Pristine 45.8 225 19.7 9.7 2.2 0 0 0
Moderately cultivated 47.4 15.9 21.8 9.7 2 1.7 1 0
Intensively cultivated 2.6 235 62.9 0.8 1.9 5.2 0 3.7

downstream gauge (Chichiawan) subtracts the dischargecape characteristics for each catchment are shown in Fig. 1
from the Yusheng Creek and is the discharge for the statiorand Table 1. The natural forest, mixed forest, and secondary
(Sta.) K. The discharge for G is derived from an area propor-forest are the main land use types, and are patched by grass,
tion of Sta. K (Kao et al., 2004; Huang et al., 2012a). The bare land, orchard, active farm, and inactive farm. To reha-
average daily discharge for Chichiawan and Yusheng Creekbilitate the landlocked salmon, the cultivated farms along
are 7.94 and 2.41%s 1, respectively. During the wet sea- Yusheng Creek were expropriated by the government since
son, the average daily discharges are 11.80 and 487  2005. The expropriated vegetable farms were categorized
respectively. as inactive farms in this study. On the other hand, the cur-
The study watersheds represent the typical landscape irently producing farms, mainly cabbage, are designated as
mountainous regions (i.e., small proportion of agricultural active farms (Huang et al., 2012b). The three adjacent creeks
activities located along the riparian zone) where some of thehave similar environmental features, i.e., precipitation, atmo-
residents earn their living by growing vegetables and fruitsspheric deposition, and geology, with varying cultivation gra-
(Huang et al., 2012b). The land use pattern and the landdients providing us a good experimental ground to explore
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(@) Air temperature

" 16-19 August, and 4—7 October, respectively, were sampled

()16 1000 intensively at a 3 h interval for 62 to 87 h. Depth integrated
. water samples were obtained using a vertically mounted 1L
40 —| 100 bottle attached to a weighted metal frame that was gradually

1 lowered from the bridge. The US Geological Survey DH-48
* 7] 10 sampler was not used because of its difficulty in sinking in

turbulent flows> 2.5 ms! (Milliman et al., 2007).
1 Water samples were immediately filtered through GF/F fil-
ters (0.7 mm). The filtrates were quick-frozen in liquid nitro-

0 T .I L L I I O B B B L 0.1 gen for water Chemistry analyses. Nitrate, nitrite and ammo-
@ non-typhoon sample A typhoon sample discharge s running average(n=5) nium content were determined by ion Chromatography (lC)
< typhoon period wet seasen 1000 using a Dionex ICS-1500 instrument with a detection limit

200 — (c)

of 0.2, 0.2, and 0.4 uM, respectively. For all samples, nitrite
and ammonium concentrations were lower than the detection
limit. Hence, nitrates are the dominant species of dissolved
inorganic nitrogen (DIN). Phosphate, dissolved inorganic
phosphorus (DIP), was determined with the standard Molyb-
a0 | . denum blue method with the detection limit of 0.01 uM (Par-
. . " sons et al.,, 1984). During the typhoon period, total sus-
R L L L B L B B LN B pended matter (TSM) was determined gravimetrically using
1000 pre-combusted 0.7 mm GF/F filters. The mean of the blank,
calculated from ten replicates, was 0-85.01 mg 1. This
100 blank value was well below the weight of sediment on the
filter (generally> 10 g L™1).

160 —

120 —

NO,(uM)

80 —

Discharge (m“lsec?

3.2 Flux calculation

The flux is the total amount of export of an element from

a watershed within a given period. The elemental concen-
trations measured in the stream were transformed into flux
by multiplying by the corresponding discharge to obtain the
elemental mass load. We need the flux estimator to derive
Fig. 2. The monitored(a) air temperature; discharge, and nitrate the flux within a given period when there are limited sam-
concentration in theb) pristine, (c) moderately cultivated and  ples. These estimators are performed when continuous mea-

(d) intensively cultivated watersheds. Water samples include ty-g;rement (e.g., daily) of the constituent's concentratioh (

phoon (red triangle) and non-typhoon (black circle) samples. Eightand discharge @) is not possible. Two estimators, flow-
typhoons were marked by cross symbol. The running average of

: ) ) . . . eighted method and rating curve methods, are implemented
adjacent nitrate concentrations was illustrated by a thick grey Ilne..n this study for different circumstan The flow-weighted
Wet seasons were highlighted by a orange line on the x-axis. Noté S study 1o erent circumstances. The Tlo eignte

that the data for the first typhoon we sampled was missing due tJnethOd' W_hiCh considers_ hydrological controls on element
our negligence on sample storage. concentration, was applied to calculate the flux on non-

typhoon days because typhoon discharge could change the
C—Q relation of the non-typhoon period (Lee et al., 2009).
the nutrient dynamics and differentiate anthropogenic alterHowever, the clos€—Q relationship observed during the ty-
ation from natural background. phoon period makes the rating curve method suitable, partic-
ularly when the samples cover the higher-discharge spectrum
(Kao and Liu, 2001; Kao et al., 2004, 2005; Kao and Milli-
3 Materials and methods man, 2008).
The formula for the flow-weighted method is shown below
3.1 Water sampling and chemistry (Dolan et al., 1981; Coats et al., 2002).

—e
e

11/1/06 —
1/30/07
4/30/07
7/29/07
10/27/07 —
1/25/08 —
7/23/08 —
10/21/08 —

Water samples from the three stations were collected twice N,

per week and analyzed during 2007 and 2008. Four ty- > CimOQim
phoons in 2007 and four typhoons in 2008 brought the StUdyLOEid\rr = K1i=1
site relatively large amounts of rainfall. Three among the ’ Ny

four in 2007, Pabuk, Sepat, and Krosa during 6—8 August, El Qim

X Qum, m=1~12 (1)
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where K1 is the conversion factor={10~3, converting g 20 —{8) Air lemperature
to kg) used to calculate Logg m (kg) for a month,m.
Subscript NT denotes non-typhoon dags.,, (mgL™1) is
the nutrient concentration ath sample in a monthQ; ,, 03
(m®s~1) is the daily discharge on the day while thh sam-
ple is taken.Q;. ,, (m?) is the total monthly discharge ex-
cluding typhoon days, antl,,, represents the total number of o4
samples in a month.

The rating curve method presumes that a power function
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(F) and discharge@®). The coefficients of power function, @ non-typhoon sample A typhoon sample —— discharge e runNing average(n=5)
a andb, in Eqg. (2), can be derived from the observed ele- > tehoneenos wet so850n g 1000
mental fluxes and the water discharge rates by the log-lineai ©

least-square method. In this study, 3 hinterval samples are os =8
used to construct the power-function relation, which is fur- _ -
ther applied on the entire typhoon period to estimate the total ! =%
typhoon load. g 04 5
t t 0.2 ?1 }
Loadr = K2 ) Fj=K2» a0’ 2) i iy
j=1 j=1
whereK is also a conversion factoe(3600's) used to cal- 39@ d s "
culate Loag (kg) for a specific period (in this case, typhoon ] 100
hours).T denotes typhoon period.; (g s 1) is the hourly el- 08 —

emental flux, which can be estimated by the hourly discharge
rate Q ; (m3s1) on the jth hour.z (h) is the total typhoon .
hour. o4 7]
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4 Results 0
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4130107
7129/07
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The air temperature during observation varied frer to

~ 25°C showing a significant annual cycle. In Fig. 2 we plot-
ted daily average, thus the range is from 2 t6@QFig. 2a).  Fig. 3. The monitored(a) air temperature; discharge, and phos-
The water discharge is shown in Figs. 2 and 3. The discharg@ha_te conpentratiqn in tl{k) pristine,(c) moderately cultivated and
shows spikes ranging over three orders of magnitude, Whicl{d).lnte.nswely cultivated water§heds. Thg same symbols were used
is common and mostly attributed to typhoons, characteristic?i'n Fig. 2. N;tf thai’hth%y'ax's. f@')zggg IS res(;:aletd above 1 l‘.‘M'

of small mountainous rivers (Milliman and Kao, 2005; Kao © missing cara in the beginning was due fo otr negligence

le st .
and Milliman, 2008). on sample storage

4.1 Temporal variation of nitrate and concentration-
runoff relation the nitrate concentrations decreased with the increasing dis-

charge (solid circles in Fig. 4a-1). Th&-Q relation during
In the pristine catchment (Sta. G) the nitrate concentratiortyphoon events thus differed from that of non-typhoon peri-
varied between- 0.2 to~ 40 uM (Fig. 2b). The average ni- ods.
trate concentration of typhoon samples,428.4 uM, was Compared with the pristine watershed, nitrate concentra-
higher than that in non-typhoon period, £®.7 UM (Ta-  tions at Sta. K (Fig. 2c) were higher ranging froml0 to
ble 2). The nitrate concentration began to rise in the be-~ 200 pM due to cultivation. Unlike in the pristine watershed
ginning of spring, i.e., onset of growing season in Taiwan, (Fig. 2b), the overall mean nitrate concentration of the ty-
resembling the annual cycle of temperature. Generally, thgophoon samples, 38 12 uM, was below the mean concentra-
higher concentrations were found in the wet season and thdon measured during non-typhoon days#581 uM (Fig. 2c
nitrate concentration seemed to correspond to the dischargend Table 2). The annual cycle was not as apparent as in
patterns resulting in a positive concentration—run@#-Q, the pristine watershed. However, the rising nitrate concen-
Q in [mmday1]) relation during non-typhoon periods in tration could still be found in the beginning of the growing
Fig. 4a-1 (hollow circles). However, during a flood event season in 2007 but not in 2008. There were corresponding
period (i.e., typhoon period), dilution had occurred so thatchanges between nitrate concentration and discharge during

www.biogeosciences.net/10/2617/2013/ Biogeosciences, 10, 2682-2013
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Table 2. The means and coefficients of variation for nitrate, phosphate, and TSM concentration of water samples at three sites, including
typhoon and non-typhoon samples. No TSM concentration was measured for non-typhoon samples. Non-typhoon samples were taken twice
per week from 2007 to 2008 and typhoon samples were taken during three typhoon periods in 2007. See more detail in the text.

Non-typhoon data  Pristine (G) Moderately cultivated (K) Intensively cultivated (Y)
Nitrate (LM) 10(0.56) 55(0.38) 92(0.58)
Phosphate (UM) 0.19(0.46) 0.18(0.53) 0.18(0.76)
Typhoon data
Nitrate (uM) 23(0.36) 39(0.30) 108(0.19)
Phosphate (UM) 0.42(0.24) 0.36(0.22) 1.05(0.54)
TSM (g L_l) 2.05(1.49) 1.61(1.53) 2.50(1.39)
* Values in parentheses represent coefficients of variation.
@ Typhoon J(b-1) pristine watershed, and the dilution effect seemed to be more
100 O Non-typhoonq obvious.
10 3 At Sta. Y, the intensively cultivated watershed (Fig. 2d),
01 - nitrate concentration varied betweerb to 300 uM. A sig-
1 nificant higher baseline can be found in 2007 when compar-
Pristine ing with that in 2008. The average nitrate concentration were
0.1 0.01 108+ 20 uM for typhoon samples and 9254 uM for non-
(a-2) (b-2) typhoon samples (Table 2). The observed concentrations at
100 . . . o L
1 this station sometimes surpassed the criterion for drinking
s 10 s water quality,~ 160 uM. The nitrate concentration started to
3 S o4 decrease since the midyear of 2007. Among the three water-
Z & sheds, the decline of this nitrate falling from wet to dry sea-
Moderately- cultivated son was the most significant. Again, dilution occurred dur-
0.1 0.01 ing the typhoon period that can be seen in ke relation
(a-3) e 1(b-3) L -i (Fig.'4a-3). For the three observed s.tations, the posﬁlij '
100 e 1 3 ";a! relation during the non-typhoon period was alternating with
| REL 3 ) o . . . .
10 55007 ogt 3 el LR the negativaC—Q relation during typhoon period.
1 0-1 E 4.2 Temporal variation of phosphate and
Intensively- cultivated concentration—runoff relation
0.1 0.01 —
01 1 10 100 1000 01 1 10 100 1000 The temppral variations of p_hosphate concentration for Fhe
Q(mm/day) Q(mm/day) three stations were shown in Fig. 3. At Sta. G, the pris-

tine watershed, the phosphate concentration ranged from
~0.01 to ~0.8uM with a mean of 0.120.09uM (Ta-
ble 2). During the typhoon flood phosphate was much higher

Fig. 4. The relation of observe(h) nitrate concentration an¢b)
phosphate concentration against runoff depth in the pristine (-1

green), moderately cultivated (-2, yellow) and intensively cultivated . . i
watersheds (-3, orange), respectively. Solid and hollow circles stancgo'42i 0.10 UM, red triangles in Fig. 3b) compared to non

for typhoon and non-typhoon samples, separately. For the plots ofPN0ON periods. We could not see the tendency of rising
intensively cultivated watershed, data in the other two watersheg®h0Sphate concentration in the beginning of the growing sea-
were overlaid as references. son in either 2007 or 2008 as what we found for nitrate

concentration (Fig. 2b). Opposite to nitrate, the phosphate
concentrations were greater during the typhoon flood. The
the non-typhoon period in 2007, reflecting the positiveQ running average of the phosphate revealed a correspondence
relation in Fig. 4a-2. However, in 2008 the nitrate concentra-to the discharge pattern (Fig. 3b); however not as signifi-
tion had only subtle fluctuation until the first typhoon raised cantly as the nitrate did (Fig. 2b). A positive-Q relation
the concentration, and the nitrate concentration kept decreasvas observed regardless of a non-typhoon or typhoon period
ing afterwards (Fig. 2c). Note that in this year we did not (Fig. 4b-1).
monitor the water chemistry during flood peak. Neverthe- At Sta. K, the phosphate concentration did not surpass
less, nitrate concentrations were diluted by water discharg®.7 uM (Fig. 3c). The mean of phosphate concentration for
during the typhoon period in 2007 (Fig. 4a-2) as seen in thenon-typhoon samples was 0.38.1 uM, comparable to the
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pristine watershed (Table 2). The average of typhoon sam- "*3gH E 26 ? ) T @ D a ? E % ’
b B0, 85

ples was 0.36:0.08 uM. A significant correspondence be-

tween discharge and phosphate concentration again reflecte ™ L sl S TS :

a pOSitiVGC—Q relation (Flg 4b-2) Typhoon samples ~ .'.. .." e
In the intensively cultivated watershed (Sta. Y), the ob- " ¢ 1 NN IV Y

served phosphate concentrations during non-typhoon perioc o T onth ) S

were similar in range, 0.18 0.13 pM (Table 2), as the other

gﬁ?irfgl?ﬁg?y?ﬁoiﬁ (;c;r;};?ft\;vi?ﬁ oas,p;:]lz)t((iemclfrzcg;rn;r'gtfhr/l],ros depth; aqd _box-and-whisker plot qf sampled @_II\DIPC_ ratio in
.7 . - . . the (b) pristine,(c) moderately cultivated, an@l) intensively cul-
which is the highest concentration been observed in this; icq watersheds. Typhoon samples are highlighted separately in
study, reflecting the influence of fertilization. For all three e grey hox. Grey dashed line is the reference redrawn from the
stations, phosphate concentrations were enhanced as the ipristine watershed. Red arrows stands for the resilience ogDIN
crease of runoff depth (right panels of Fig. 4) regardless ofpip. ratio after a typhoon strike.
agriculture and flow conditions.
During the typhoon period, those samples revealed posi-
tive yet significantly different correlations (see equations in DIN¢ : DIP¢ fluctuated up to two orders of magnitude re-
Fig. 5) of phosphate concentration against TSM, The positivevealing the seasonality. At Sta. G, the [Jitb DIP¢ ratios
relations demonstrated that phosphate is highly particulatevaried from~ 2 to ~ 200 (Fig. 6b) generally following the
associated. At a given TSM concentration the phosphatéemporal trend of air temperature (Fig. 6a) with lowest ratios
concentration is significantly higher but more scattering atin winter (dry period). The lowest DIto DIP¢ ratios were
Sta. Y where cultivated land proportion is the largest amongmainly due to low DIN concentrations. The ratios during the
the three. Interestingly, the pristine watershed may providetlyphoon periods were slightly lower compared with those in
slightly higher phosphate concentration at a given TSM wherthe same month but the overall trend still followed the annual

ig. 6. (a) The monthly distribution of daily air temperature, runoff

compared with the moderately cultivated watershed. temperature cycle.
At Sta. K, DIN;c : DIP¢ ranged from~ 50 up to~ 5000
4.3 DIN to DIP ratio (Fig. 6¢) revealing remarkable difference of the pristine wa-

tershed reflecting the effect of agriculture. In early summer,
The monthly variations in ratio of DIN concentration (04N a significant increase in DIN: DIPc was observed likely
to DIP concentration (DIP) are illustrated in Fig. 6. The due to fertilizer application. After the peak, a gradually
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descending trend in monthly DWN DIPc was seen as ' 75 eommm——" L
runoff increased. Note that during our typhoon observation, 3 | A

p C Pristine &‘
DINc: DIP¢c values were the lowest throughout the year. ] o Dry season jeen .
These observed values dropped rapidly to a level similar to 1 A& j;‘;‘:::::"“ %
the pristine watershed in summer (dashed line in Fig. 6¢), and ;. _ L .

an instant rebound to higher levels was also observed after-
ward in the following water samples. There were no evident %“
correlations either between DN DIPc and air temperature z | P 10° A%@;
or between DIN : DIP¢ and discharge at Sta. K. ‘ o
At Sta. Y, except for the typhoon observation, the %
DINc: DIP¢ ranged from~ 200 to ~ 8000, which is even ] e
higher than that at Sta. K. A gradual increase was de-
tected from~ 500 in January to~ 8000 in August. Simi-
lar to Sta. K, a one-step jump in July and rapid drops of AR AL E— e
DIN¢ : DIP¢ in October can be seen (Fig. 6d). A significant o oo, ) Q (mmiday)
feature is that the DIN to DIP¢ ratio restarted to build up
gradually from October in 2007 till July in 2008. The rapid Fig. 7. (&) The distribution of observed DI}: DIP¢ ratio against
drop to the level of~ 100 during the typhoon period and re- pho.sph.ate concentrations l.Jnder. different hydrologic controls and
bound back after the typhoon indicates that such phenomengt!tivation levels. The relationship between the RINDIPc ra-
are common in agriculture watersheds. tio versus discharge for th@) pristine (in green)(c) moderately

. - . cultivated (in yellow), and(d) intensively cultivated watersheds
The DINc: DIPc versus_DIIE (Fig. 7a) and DI : DIPc (in orange). The solid circle, hollow circle, and cross symbol rep-
versus runoff depth (Fig. 7b—d) were plotted to as-

; . . resent the DIN: DIPc sampled in dry season, wet season, and
sesslillustrate the hydrological influence on RINDIPc  ynhoon period, respectively. Except outliers, dry-season samples

across cultivation gradients. In intensively cultivated con-ere grouped together in colored areas. Only data collected in 2007
ditions, DINc:DIPc and DIR: correlated negatively and were used.

tightly in a much wider range in which DIN: DIP¢ is also

roughly negatively correlated over a full range of runoff

(Fig. 7b). At a given DIR, the intensively cultivated wa-

tershed had the highest DINDIPc of the studied water- much higher during low flow. Accordingly, during the non-
sheds (Fig. 7a). The pristine watershed had a negative reyphoon period the monthly flow-weighted method was used
lation between DIN: DIPc and DIR: . A dome shape in to estimate monthly nutrient fluxes.

DINc: DIP¢ of the pristine watershed forms over the full  Since hydrology plays an important role in nutrient export,
runoff range (Fig. 7d). Moderately cultivated watershed pos-we would like to examine the fractional contribution from ty-
sessed, in the middle of aforementioned, two extreme casephoon events to total nutrient export. In 2007, four typhoons
For comparison, we graphed the dry period samples tocollectively brought 30-50 % of the annual total runoff of the
gether into fields (Fig. 7a) by watershed type. Interestingly,three watersheds, resulting in 2048 % and 47-84 % of an-
DINc: DIP¢ tends to be higher at middle runoff condition nual DIN and DIP export, respectively. The four typhoons
regardless of cultivation degree (Fig. 7b, ¢ and d) though lesén 2008 contributed 48-55% of annual runoff carrying a

10" —

4
N r)
10° 4 Tgaific
LS
. +

10" T T

significant in the pristine watershed. slightly higher (40-70% and 60-80 % of annual DIN and
DIP export) amount of nutrient transported off the water-
4.4 DIN and DIP production sheds.

The nutrient loads were converted into yield per area
The log-log relations of observed N and P fluxes against disto illustrate the production rate of DIN and DIP (repre-
charges are shown in Fig. 8. The strong, positive correlationsented by DIN and DIR,, respectively) (Table 4). Cultiva-
illustrate that hydrology exerts strong control on both DIN tion is more influential on DIN than DIR,. DIN, ranged
and DIP exports — particularly, for the typhoon samples. Thefrom 7.9-8.6kgNhalyr! in the pristine watershed to
relations could be well depicted by a power function, i.e., 30-43kgNhalyr~1 in the intensively cultivated water-
rating curve method (Table 3). The coefficients of determina-shed. This result reflected the cultivation gradient captured
tion, i.e.,R?, were high & 0.85), indicating the applicability by these catchments. For DIPthe yields for the three
of a rating curve method to estimate nutrient fluxes duringwatersheds were- 0.36,~ 0.35, and~ 0.56 kg P halyr—1,
a typhoon flood. Thus, the hourly discharge reported for therespectively. As mentioned above, hydrology regulates the
eight typhoon periods was substituted into the power funcrelative yield of DIN to DIP; therefore, very different
tions to estimate nutrient fluxes during the typhoon period.DIN,, : DIP, can be seen during non-typhoon periods (103 to
For the non-typhoon period (hollow circles in Fig. 8) the re- 1036) and typhoon periods (93 to 225), also the typhoon’s
lations were relatively scattered, and the degree of scatter wasigher fractional contribution resulted in annual means of
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Table 3. The power regression equation of typhoon samples taken for three study watersheds, and the runoff depth, calculated DIN load, and
DIP load for the typhoon events in 2007 and 2008.

Rating curve, Pristine  Moderately cultivated Intensively cultivated

Load (kgday})=aQ (m3s1)P

DIN load (kg N day 1) 290997086} 1170979(0.86) 18920-99(0.95)

DIP load (kg P day?) 0.850111(0.99) 0.89113(0.99) 1.18123(0.94)
2007 typhoons

(Pabuk, 7-10 Aug; Sepat, 17—20 Aug; Wipha, 17-20 Sep; Krosa, 5-10 Oct)

Runoff (mm) 1253(33 1195(30) 1395(50)

DIN load (kg N) 8043(44) 45709(20) 63 985(48)

DIP load (kg P) 384(52) 1114(47) 1526(84)
2008 typhoons

(Kalmaegi,17—20 Jul; Fung-Wong, 27 Jul-1 Aug; Sinlaku, 12—18 Sep; Jangmi,27 Sep—1 Oct)

Runoff (mm) 1655(48) 1769(48) 1384(55)

DIN load (kg N) 10 645(64) 67071(41) 66 940(70)

DIP load (kg P) 500(66) 1642(60) 1315(80)

2\Values in parentheses represent coefficient of determinatiorR?—.e.,
b values in parentheses stand for the percentage of annual amount.

. 10° (a-1) Pristine 10° (a-2) Moderately-cultivated 10° -3 (a-3) Intensively-cultivated
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Fig. 8. The log-log graphs of observéd) nitrogen andb) phosphorus fluxes against discharge in the pristine (-1), moderately cultivated (-2),
and intensively cultivated watersheds (-3). Solid and hollow circles represent typhoon and non-typhoon samples, respectively. The dashec
lines stand for the power regression equation of typhoon samples.

DIN, : DIP,, varing from 97 to 410 for the three watersheds using a conceptual model (5.3). The significance of the Ocea-
(Table 4). nia will be revealed in the end of this section (5.4).

5.1 Importance of human activity on nutrient export

5 Discussion
Human activities have been demonstrated to be the most sig-

This discussion section will start with the land use alterationnificant factors influencing nutrient export (Galloway and
on nutrient export (5.1) and then hydrological controls on theCowling, 2002; Smith et al., 2003; Seitzinger et al., 2010),
nutrient export (5.2). Next, nutrient export will be discussed of which fertilization is highlighted. Our study showed that
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Table 4. Different time frames (annual, typhoon, and non-typhoon period) of the observed runoff, calculated DIN yield, (DIR yield
(DIPy) and DIN, : DIP,, ratios for the three study watersheds. Rlahd DIR, estimated by the model proposed by Smith et al. (2003) are
also in the table.

Pristine Moderately cultivated  Intensively cultivated
Annual 3779, 3447 3897, 3686 2765, 2497
Runoff (mm) Typhoon 1253, 1655 1195, 1769 1395, 1384
Non-typhoon 2526, 1792 2702, 1917 1370, 1113
Annual 8.6,7.9 29,22 43,30
DIN, (kgNhatyr~1)  Typhoon 3.8,5.1 6.2,9.1 20,21
Non-typhoon 4.8,2.8 23,13 22,9.0
Annual 0.35, 0.36 0.32,0.37 0.59, 0.53
DIP, (kgPhalyr—1) Typhoon 0.18,0.24 0.15,0.22 0.49, 0.43
Non-typhoon  0.17,0.12 0.17,0.15 0.10,0.10
Annual 108, 97 410, 262 323, 254
DINy, : DIPy, (molar ratio) Typhoon 93,94 182, 181 186, 225
Non-typhoon 126, 103 613, 382 1036, 369
Model estimation (Smith et al., 2003)
DINy (kgNha 1yr1) 3.7,34 3.8,3.6 2.9,2.7
DIPy (kgPhalyr—1) 0.47,0.43 0.49, 0.46 0.37,0.34

* Two numbers in one cell stand for values in 2007 and 2008, respectively.

nitrate and phosphate concentrations increase with the inN input, elevating the background yield (King et al., 1994,
creasing proportion of agricultural activity in a watershed. Chen et al., 1998; Lin et al., 2000; Fang et al., 2008). The
However, the increase in nutrient concentration is so responbIN, for Sta. G,~8.3kgN halyr—1, is higher than most
sive to agricultural activities that even a 2.7 % agricultural of the rivers draining from land to ocean (Smith et al., 2003)
land use within a watershed yielded average nitrate concenrevealing the latent effects of ANN. In the pristine watershed
tration increase of- 500 % (Table 2) for~ 95% of the year  (Sta. G), net increase of DIN inventory is likely occurring in
(~5% typhoon excluded), revealing how vulnerable lotic the system. Besides, the DIN leaks out of the forest in grow-
environments are to land use changes in subtropical, mouning season (DIN concentration follows the trend of air tem-
tainous, small rivers. There was1000 % increase of nitrate perature) showing a syndrome of nitrogen saturation. How-
concentration in a watershed with 8.9 % agricultural land. ever, this speculation is difficult to evaluate due to the large N
In Taiwan, the summer typhoon rains force farmers to ap-pool in the soil (see below); meanwhile, the rates of N min-
ply much higher amounts of ammonium sulfate and ureaeralization, nitrification (Owen et al., 2010), retention (Fang
(~3750kg N halyr—1) to support cabbage growth (N de- et al., 2008), and gaseous N losses (Koba et al., 2012) are
mand~ 600-900 kg N ha' yr—1) and promote early harvest influential to nitrogen dynamics and cycling. Whether N is
before the typhoon season. The excess fertilization is alssaturated needs further investigations, potentially the N : P in
due to loss of N during the wet season. Based on waterplant foliage (Tessier and Raynal, 2003) and extra N budget
shed monitoring network in our study area and a sophistiterms such as gaseous nitrogen in the watersheds in Taiwan.
cated deconvolution method, Huang et al. (2012b) demon- Land use effects on phosphate concentration were also
strated a very high nitrate yield number from active farms, found during the typhoon flood; however, there seemed to
~3000kg N halyr—1, which was the apparent major con- have a threshold of cultivation level to initiate such an ef-
tributor to enhanced nitrate in stream water. A 1 % incrementfect; thus only in the intensively cultivated watershed we ob-
of active farm land use yields an increase in Dfkom back-  served~ 2.5x higher concentrations compared to the other
ground ¢ 8.3kgNhalyr1) to ~38kgNhalyr-1. The two watersheds (Table 2). At a given TSM in Fig. 5, phos-
yield from inactive farms, where agricultural activities have phate concentration is the highest at Sta. Y implying culti-
been forbidden, was also high at770kgNhalyr—1 re- vated soil contains more dissolvable phosphate. The DIP
vealing the lingering effect of agricultural activities. the intensively cultivated watershed,0.56 kg P hatyr—1,
Besides fertilization, widespread anthropogenic N depo-increased 50 % compared to that in the pristine watershed
sition (ANN) is a major N source in Oceania (Kao et al., (~0.36 kg P halyr~1, Table 4). There is also DIP from the
2004). Atmospheric deposition (long-range transport mainlyatmospheric deposition<0.1kg P halyr—1, Mahowald et
from China,~ 21 to ~34kgNhalyr-1) supplements the al., 2008) in this area. Beside the unverified N saturation,
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more DIP output than input puzzles us. These findings and This may imply that either the nitrogen storage in the wa-
speculations excite our future studies to unpuzzle the fate ofershed is sufficient to afford frequent flooding or that the
P and N in the subtropical watersheds. supplement of nitrogen to the watershed system is fast. The
The distinct transport behavior between nitrate and phosestimation of the total N pool in soil of the neighboring wa-
phate results in high DIN: DIP¢, which is particularly ev-  tershed (Owen et al., 2010) is 6909 kg N'haapproximately
ident in cultivated watersheds. DgNDIPc at the lowest  1000x the export from pristine watersheds, which supports
given Q (Fig. 7b—d), i.e., groundwater, reflects the cultiva- our speculation of sufficient nitrogen storage.
tion gradient as well, implying the long-term agricultural ~ The hydrological control on phosphate is more remarkable
activities may have influenced the groundwater. Such highthan on nitrate. The consistent positive correlation between
DINc : DIP¢ indicates the aquatic ecosystem is mainly lim- phosphate concentration and discharge indicates there is al-
ited by DIP (Tseng et al., 2010). Without the DIP export to ways more phosphate input to the stream while discharge in-
the stream during typhoon periods, the leakage of DIP fromcreases. Increasing phosphate concentration accompanies the
the terrestrial system is likely limited. Overall speaking, the increase in discharge, congruent with the hydrologic controls
increase in agricultural activity causes a higher BIDIPc on the enhancement of phosphate concentration in other wa-

with larger variation. tersheds (Sharpley and Menzel, 1987; Correll et al., 1999,
Fig. 4b). Increasing TSM triggered by increasing surface
5.2 Hydrological control on nutrient exports runoff is the most possible cause (Fig. 5). The phosphate con-

centration reached its highest annual value during typhoon

The nitrate and phosphate concentrations showing a posievents due to greater soil erosion. The attached phosphate
tive correlation with discharge imply that the rainfall-runoff is carried into the river with soil particles. During the ty-
process dominates the nutrient export in small mountainoughoon periods, the increase of discharge and phosphate con-
rivers (Figs. 2, 3, and 4). The dominance of discharge oncentration by three and two orders of magnitude, respectively
nutrient export is also illustrated by Fig. 8, although in the (Fig. 8), substantially enhances the phosphorus export (Cor-
low-flow condition there seem to be some additional factorsrell et al., 1999; Green and Finlay, 2010).
scattering the discharge-driven export. The scattering phe- Beside the total export, hydrology also modulates the
nomena at low flow, particularly for the phosphate in two DIN¢ : DIPc through different hydrological pathways. The
cultivate watersheds, may result from local agricultural prac-imbalanced DIN and DIP productions responding to different
tice, in-stream biota uptake or some unknown in-stream prohydrological conditions lead to the transition of INDIP¢
cesses. from dry to wet seasons (Fig. 7b—d). In the dry season, i.e.,

Basically, nitrate concentrations increase with increasinglow-flow condition, when groundwater dominates the hydro-
water discharge illustrating a typical diffuse source where ni-graph, the DIN : DIP¢c is categorized as background con-
trate is carried along the flow pathways (Salmon et al., 2001 dition. While approaching high-flow condition, water level
Kao et al., 2004). In general, the hydro-biogeochemical sysdis increasing, which induces more flushable nitrate, mainly
tem shows dilution and concentration phenomena due tdrom soil, to the stream and leads to higher RINDIPc.
the alternation of hydrological access for chemicals with When discharge surges during typhoon or rainstorm periods,
large concentration differences between deep and shallowurface runoff dominating the hydrograph %0 % total dis-
soil components. In our study, the increase of nitrate conceneharge; Lee, 2012) enhances phosphate and dilutes nitrate,
trations with the runoff may resemble the case of enhancedvhich reduces the DIN: DIP¢ significantly (Saunder et al.,
hydrological access to a shallow soil source (Salmon et al.2006; Green et al., 2007). From the previous section, we have
2001). Dissimilarly, nitrate concentration in surface soil is known that DIN: : DIP¢ is agriculture dependent. Concen-
low in the forest of mountainous Taiwan (Lin et al., 2004). tration of DIN and DIP sources vary with the cultivation gra-
The major reason is that soils on steep slopes in Taiwan ardient, i.e., higher cultivation levels have higher DIN and DIP
mainly porous, old landsliding material where it is easy for concentrations.
water to infiltrate and be uptaken fast by the shallow-root Although hydrological forcing (i.e., typhoon and rain-
vegetation. storm floods) caused a sharp drop in the BI®IPc (not

While rainfall amount is large, exceeding certain so much so in the pristine watershed), the BINDIP¢ in the
thresholds during typhoon or rainstorm periods (e.g.,sequential months (September after August and November
200mmday? for nitrate; see Fig. 4a), surface runoff with after October) immediately rebounded (red arrows in Fig. 6),
depleted nitrate dilutes the nitrate concentration in the riverwhich revealed a quick resilience of the lotic environment
Although the nitrate concentration is diluted during flood pe- from the episodic natural disturbances, i.e., typhoons. There
riods, the increase in discharge by three orders of magnitudevere almost no lingering influences of typhoons, e.g., brash
compensates the dilution effeet bne-order magnitude de- and fallen foliage, since most of them are carried off the wa-
crease in concentration) and leads to greater transports (Taershed by the dominant surface runoff (West et al., 2011).
bles 3 and 4). The unceasing DIN export is very likely in Tai- When we went into the detailed chemograph, we saw that
wan (Kao et al., 2004) regardless of the cultivation degree. DIN¢: DIP¢ returned gradually to the pre-event level while
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Fig. 9. The schematic diagram of the conceptual model illustrating nutrient expa) low-flow condition and dry seasofty) high-flow
condition;(c) typhoon and rainstorm flood condition. The arrow size represents the runoff amount. [ ] denotes concentration. The increase or
decrease of concentration and its significance was marked.(bléxk line) and PQ@ (red line) concentrations in the soil profile of pristine

(solid line) and cultivated (dashed line) land are shown.

the hydrograph receded (not shown). The dramatic change adnism is applicable for different cultivation levels, which
fluvial nutrient status may be one of the unique characteris-only influence the nutrient concentrations of the sources, i.e.,

tics of small mountainous rivers. surface, subsurface water and groundwater. Various propor-
tions of different flow pathways determine the behaviors of a
5.3 Differential transport for DIN and DIP stream’s nutrient concentration (Mulholland and Hill, 1997;

Katsuyama et al., 2001; Poor and McDonnell, 2007). Both

. . . hydrological control and land use alternation are important
In this study, a conceptual model is proposed to illustrate '[he[0 regulate DIN and DIP transport in Oceania rivers

transport of nitrate and phosphate in different hydrological
conditions (Fig. 9). During the dry period (from November
to April, which is also off-growing season, Fig. 9a) water 94 Significance of Oceania streams

level is low and dominated by groundwater, which repre-

sents the background nitrate and phosphate concentration i@mith et al. (2003) investigated DIN and DIP loads from 165
a watershed. Foliage from the deciduous forest is fallen orsites occupying 35 % of the total land area on Earth. About
the ground and begins to decompose. On the cultivated land0 % of the catchments they used have areas betwegn 10
farmers usually overturn the residuals of the harvested crognd 1 km? (10! to 10 km? of full range). The DIN and

into the surface soil in the off-growing season to produceDIP, of our three watersheds overwhelm most of these sites.
nutrient for the next growing period. In addition, the atmo- Among 111 large rivers (the minimum watershed area of
spheric deposition prevails in Taiwan. Small rain events in8011 kn?) in the world, which Harrison et al. (2005) ana-
the dry season leach nutrient, mostly nitrate, into the shallyzed, only 14 of them have higher DJRhan our pristine
low soil (Fig. 9a) as the N-draining mechanism addressed bywvatershed~ 0.36 kg P ha' yr—1. Unlike those large rivers
Creed et al. (1996). Most of phosphate remains in the surfacéaving only~ 0.33 myr 1 in runoff depth, the Oceania rivers
attached to the soil particles. Since the beginning of the wehave ~ 2myr—1. It is runoff depth, i.e., hydrological con-
season (from May to October excluding typhoon and rain-trol, that leads to the high DIN and DIP yield of the Oceania
storm events, Fig. 9b), relatively large rain events increaseivers. The high fluvial DIR is mainly attributed to frequent
the water level flushing out the nitrate stored in the soil to thecyclone strikes (Greeen and Finlay, 2010). If the contribu-
stream. In this condition, most of the additional stream dis-tions from the typhoons are removed (Table 4), Pifll
charge comes from the subsurface that contains more nitratieke comparable to that of the large rivers. However, even if
yet less phosphate; therefore, RJNDIPc increases signif-  the contribution of typhoons is removed, DINtill remains
icantly (Fig. 7). Meanwhile, surface soil erosion occurring at a high level compared to the world rivers because of the
at the saturated hill foot, where surface runoff is generatedunceasing leakage from terrestrial N storage. We are likely
increases phosphate concentration in the river (Huang et alfacing increasing typhoon strikes in terms of frequency and
2009). During typhoon or rainstorm floods (Fig. 9c), streamintensity due to climate change (Tu et al., 2009); the alter-
discharge, dominated by surface runoff in which nitrate isation of nutrient export and the consequent effects on coastal
depleted, decreases nitrate concentration in the river. But thenvironment deserve more attention.

surface runoff containing abundant particle-associated phos- Smith et al. (2003) developed a statistic model us-
phate increases phosphate concentration, resulting in signg log(population density (people krf)) and log(runoff
nificantly lower DIN: : DIPc (Fig. 7). The transport mech- depth (myrl)) to estimate DIN and DIPR,. However, the
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parameterized function only estimates less than 50% ohia should be much higher than their model’s simulation. It
DIN, in our pristine watershed (Table 4). In their study, only is well known that Oceania characterizes the world’s highest
six catchments, catchment size smaller thafkig?, were  sediment yields (Milliman and Syvitski, 1992) and Taiwan
used in the analysis and the basin characteristics were poorlgivers feature more extraordinary values (Mulder and Syvit-
resolved. The underestimation is understandable since theki, 1995; Milliman and Kao, 2005), implying the signifi-
function is basically determined by large rivers. The lack of cance of particulate nitrogen and phosphorus export. How-
aland use associated factor in the function might have aggreaever, this entire study focuses on DIN and DIP export, which
vated the underestimation. It is particularly crucial for Ocea-are more directly accessible by biota and are influential to the
nia, where human population usually concentrates in certairaquatic ecosystem.
districts. Human population actually consumes agricultural A N-limited ocean demands nitrogen input. N-loaded flu-
products from other areas, e.g., headwater catchments. Conial water from Oceania is hence a very important supple-
sidering the concept of ecological footprint, the population ment to the ocean. It is particularly important because Ocea-
that feeds on those agricultural products should be transnia is surrounded by an oligotrophic ocean where additional
ferred into the land use alteration effects. However, the conN input will significantly enhance its productivity and trigger
troversial overestimation (in the pristine and moderately cul-biogeochemical cycles. Our study showed that the ratio of
tivated watersheds) and underestimation (in the intensivelyannual DIN, to DIP, ranged from 97-410 (Table 4), higher
cultivated watershed) on DJ}Pof the function created by than the global average (18, Smith et al., 2003), featur-
Smith et al. (2003) merit more detailed investigations on itsing evident N accessibility. Stemming from rapid urbaniza-
applicability to DIR, estimation. tion, massive loadings of nutrients and organics to rivers have
Besides population density and runoff depth in the Smithcaused dramatic changes of nutrient status in adjacent estu-
et al. (2003) equation, air temperature also plays a rolearine and coastal ecosystems (Jickells, 1998; Galloway et al.,
though minor. Temperature negatively correlated to DIN 2004).Oceania is facing rapid development leading to abun-
in their model suggests the dependence of denitrification ordant nutrient-enriched fluvial water(12 % annual global
temperature (Knowles, 1981). However, it seems not the casdischarge) to the ocean, which might further influence global
for small mountainous rivers. A positive correlation betweenbiogeochemical cycles.
nitrate concentration and air temperature was found in our
pristine watershed (Fig. 2b). Warmer temperature seems to
enhance the rates of organic matter decomposition and nitri6  Conclusion
fication within a watershed. In addition, rapid infiltration in
the Oceania river watersheds diminishes denitrification po-The rainfall-runoff process plays a critical role in releas-
tentials; therefore, even in the cultivated watersheds denitriing DIN and DIP via different mechanisms from subsurface
fication signals cannot be detected in stream water (Peng eind surface reservoirs, respectively, into streams, modulat-
al., 2012). The temperature dependence disappears due to threg the ratio of DIN: to DIP¢ that may influence the pro-
significant nitrate sourced from limited cultivated land of the duction and phytoplankton/microbial community structures
watershed. On the other hand, phosphate does not show ariy the downstream aquatic system. Cultivation gradient inter-
temperature-dependent relations either from Smith compilaplaying with hydrological conditions results in a wide range
tion or our study. of DIN¢: DIP¢ varying from ~ 20 to ~8000. Such high
Seitzinger et al. (2005) developed a complicated model DIN¢ : DIP¢ indicates the aquatic ecosystem is mainly lim-
NEWS (Nutrient Export from Watersheds), to estimate nu-ited by DIP. Without heavy rain brought by typhoons or rain-
trient export from 5761 watersheds. Their Qlldnd DIR, storms to generate surface erosion, the leakage of DIP from
estimations for Oceania, as a function of land use, nutrient inthe terrestrial system is likely limited. On the other hand, the
puts, hydrology, and other factors, werd.2 kg N halyr—1 intensive typhoon rain engenders deeper irrigation to flush
and ~0.28 kg P halyr—1, respectively, the highest among out DIN stored in deeper soil, of which plants are not easy
eight continents, highlighting the significance of nutrient to access. Obviously, typhoons are crucial in regulating the
yields from Oceania. This amount of nitrogen is almost absolute and relative amount of DIN and DIP discharges.
identical to our yield from the pristine watershed (7.9— Much higher increase in DIN relative to DIP caused by cul-
8.6 kgNhalyr—1). If our case in Taiwan is representative tivation implies that Oceania rivers are sensitive to DIN ad-
of the background of the entire Oceania, the N yields fromdition. The rapid flushing and irrigation caused by typhoon
Seitzinger et al. (2005) highly likely underestimate the Ocea-rain in summer may push farmers to over-fertilize in order
nia export. A similar situation existed in DJRestimation,  to enhance vegetable production, similarly, the DIN leaks
where their model-estimated DJis even smaller than from  out of the forest in the growing season showing a syndrome
our pristine background~0.36 kg P halyr—1). Once we  of nitrogen saturation. However, in comparison with the at-
superimposed the influence of population, such as sewagenospheric deposition~§21-34 kg N halyr—1) the pristine
the largest anthropogenic source of DIP to the costal zonewatershed retains- 70 % of atmospheric DIN input show-
(Harrison et al., 2005), the D|Pyield from the entire Ocea- ing a strong uptake capability. Such result points out the next
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task of properly defining the degree of nitrogen saturation forDiaz, R. J. and Rosenberg, R.: Spreading dead zones and con-
Oceania watersheds. Besides, more DIP output than input de- sequences for marine ecosystems, Science, 321, 926-929,
serves our attention as well. Our study also shed light on how doi:10.1126/science.1156404008. _ .

to project the future trend of DIN and DIP export from Ocea- Dolaq, D. .M., Yui, A. K., and Geist, R. D.: Evaluation of river load
nia rivers under the scenario of increasing frequency and in- estimation methods for total phosphorus, J. Great Lakes Res., 7,

. . . . 207-214,1981.
tensity of tropical cyclones under global warming conditions. Duan, S.W., Xu, F., and Wang, L. J.: Long-term changes in nutrient

concentrations of the Changjiang River and principal tributaries,
] ) Biogeochemistry, 85, 215-234, 2007.
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