Biogeosciences, 11, 2972799Q 2014
www.biogeosciences.net/11/2977/2014/
doi:10.5194/bg-11-2977-2014

© Author(s) 2014. CC Attribution 3.0 License.

Spatiotemporal variability of sedimentary organic matter supply
and recycling processes in coral reefs of Tayrona National Natural
Park, Colombian Caribbean

E. Bayraktarovl” and C. Wild12

Coral Reef Ecology Group (CORE), Leibniz Center for Tropical Marine Ecology (ZMT), Bremen, Germany
2Faculty of Biology and Chemistry (FB2), University of Bremen, Bremen, Germany
“present address: Global Change Institute, The University of Queensland, Brisbane, Australia

Correspondence tdE. Bayraktarov (elisa.bayraktarov@uni-bremen.de)

Received: 5 November 2013 — Published in Biogeosciences Discuss.: 18 December 2013
Revised: 24 April 2014 — Accepted: 24 April 2014 — Published: 6 June 2014

Abstract. Sediments are fundamental for the function of 1 Introduction

oligotrophic coral reef ecosystems because they are major

places for organic matter recycling. The Tayrona NationalMarine shelf sediments are the major sites for mineraliza-
Natural Park (TNNP, Colombian Caribbean) is located be-tion and nutrient regeneration of organic matter derived from
tween the population center Santa Martadc5 000 inhabi-  pelagic primary production and terrestrial input (reviewed
tants) in the southwest and several river mouths in the easty Arndt et al., 2013). A fraction of 25-50% of the or-
Here, coral reef sediments experience pronounced changes ganic matter derived from coastal primary production is de-
environmental conditions due to seasonal coastal upwellingposited to the sediments (Nixon, 1981; Wollast, 1991; Jar-
but knowledge of relevant spatiotemporal effects on organicgensen, 1996). The oxic surface layer of marine shelf sedi-
matter supply to the sediments and recycling processes is nahents is restricted to a depth of only a few millimeters—1 cm
available. Therefore, sediment traps were deployed monthhat the sediment surface (Rasmussen and Jgrgensen, 1992;
over 14 months complemented by assessment of sedimentai®iihl and Jargensen, 1994; Arnd et al., 2013), but can ac-
properties (e.g., porosity, grain size, content of particulatecount for more than half of the total organic carbon min-
organic matter and pigments) and sedimentagyd®mand  eralization (Jgrgensen and Revsbech, 1989; Koster et al.,
(SOD) at water-current-exposed and sheltered sites along000). The remaining organic carbon is degraded by anaer-
distance gradients (12—20 km) to Santa Marta and the eastembic processes such as nitrate, manganese, iron, and sulfate
river mouths (17—27 km). Findings revealed that seasonal upreduction, followed by methanogenesis and/or fermentation
welling delivered strong (75-79 % of annual supply) pulses(Henrichs and Reeburgh, 1987). However, much of the sed-
of labile organic matter mainly composed of fresh phyto- imentary oxygen uptake in fine-grained coastal sediments is
plankton detritus (C: N ratio 6-8) to the seafloor. Sedimen-used to reoxidize the reduced products of anaerobic respira-
tary chlorophylla contents and SOD increased significantly tion (Canfield, 1993). The biogeochemical processes in the
with decreasing distance to the eastern rivers, but only duringxic sediment layer play an important role for highly per-
upwelling. This suggests sedimentary organic matter supplymeable, carbonate sediments in coral reefs (Boucher et al.,
controlled by nutrient-enriched upwelling waters and river- 1994; Alongi et al., 1996; Werner et al., 2006; Huettel et al.,
ine runoff rather than by the countercurrent-located city of 2014). The efficiency of sedimentary organic matter reminer-
Santa Marta. Organic matter pulses led to significantly higheralization largely depends on the properties of sediment e.g.,
SOD (more than 30 %) at the water-current-sheltered sites agrain size (Zobell, 1938; Newell, 1965; Meyer-Reil, 1986),
compared to the exposed sites, ensuing a rapid recycling gbermeability (Webb and Theodor, 1968; Precht and Huettel,
the supplied labile organic matter in the permeable silicate2004; Rusch et al., 2006), carbonate content (Capone et al.,
reef sands. 1992; Rasheed et al., 2003), sorption capacity (Sansone et
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al., 1987; Wang and Lee, 1990), and the quality of suppliedMendihuaca, Guachaca, Buritaca, Don Diego, and Palomino)
organic matter. Organic matter quality can be characterizedlong a distance gradient of 17-27 km from the TNNP bays,
by the lability to degradation and its C : N content close to thewhile a seasonal upwelling changes the physical parame-
Redfield ratio of 6.6 for fresh phytoplankton detritus, but typ- ters (temperature, salinity, and water currents) in the wa-
ically between 6-8 for phytoplankton of the open ocean andter column and leads to an enrichment of inorganic nutri-
intertidal flats (e.g., Canfield et al., 2005). Lability of organic ents for primary production (Franco-Herrera et al., 2006;
matter usually follows the trend small soluble molecutes Arévalo-Martinez and Franco-Herrera, 2008; Garcia-Hoyos
pigments> lipids > amino acids> carbohydrates (Meyer- etal., 2010; Ramirez-Barén et al., 2010; Paramo et al., 2011;
Reil, 1986; Henrichs, 1992; Wakeham et al., 1997; Fenchel eBayraktarov et al., 2014a). Furthermore, due to topographi-
al., 1998). Lignin from terrestrial plants belongs to the mostcal orientation, the strong winds from the northeast that in-
refractory organic materials (Hedges et al., 1988; Canfieldduce seasonal coastal upwelling have a stronger impact on all
1994). Old and partly degraded organic matter will have awestern flanks of the TNNP bays, leading to an increased ex-
higher C: N ratio as the limiting N is preferentially used up posure to waves and water currents as compared to the east-
by marine organisms (Canfield et al., 2005). ern, sheltered flanks (Werding and Sanchez, 1989; Bayrak-

Reef sediments are typically derived from the calcareoudarov et al., 2013). In addition to the river mouths in the east,
skeletons of corals processed by bio-eroding organisms, buhe TNNP is located at a distance gradient of 12—-20km to
also by other biological, chemical and physical processeghe population center Santa Marta with55 000 inhabitants
(Glynn, 1997; Hallock, 1997). They are usually highly per- (DANE, 2005) and an extensive harbor area in the southwest
meable, have large grain sizes (Huettel et al., 2003; Rashedtiat may have effects on organic matter supply and recycling
et al., 2003), and are associated with many heterotrophic miprocesses in TNNP reef sediments.
croorganisms (Wild et al., 2006) involved in the recycling Despite these spatiotemporal changes and potential key
of organic matter. In contrast, silicate sands are usually lesinfluences, no studies have addressed their potential effects
permeable and host lower numbers of microorganisms duen sedimentary properties and processes. To our knowledge,
to their lower specific surface area as compared to carbonstudies on the organic matter supplied and recycling pro-
ate sands (Rasheed et al., 2003; Wild et al., 2005b). Genecesses of coral reef sediments are neither available for
ally, permeable reef sediments function as biocatalytical fil-the Caribbean nor for any upwelling-influenced coral reefs.
ters that lead to a very effective processing and regeneratiomherefore, a comprehensive monthly monitoring of sedimen-
of organic matter (Wild et al., 2004a, 2005a, b, 2008). Conse+tary status and process variables was performed over 15
quently, these sediments contribute to the release of the limmonths at wind-, wave- and water-current-exposed and shel-
iting nutrients N and P after remineralization of organic ma- tered sites in the four major TNNP bays Chengue, Gayraca,
terial (Rasheed et al., 2002). Natural pulses of organic matteNeguanje, and Cinto. In addition, in one exemplary TNNP
(Glud et al., 2008; Wild et al., 2008) that may lead to eutroph-bay (Gayraca), the supply of particulate organic carbon and
ication and diseases (Fabricius, 2005) are rapidly degradeditrogen (POC and PON) and chlorophyll (chlfrom the
and thereby disposed. water column to the seafloor was assessed over 14 months

Through their contribution to an efficient element cycling using sediment traps, while grain size distribution, porosity,
(Rasheed et al., 2002; Wild et al., 2004a), reef sediments arearbonate content, concentrations of particulate organic mat-
crucial for the functioning of coral ecosystems and help toter (POM) and chk in the sediments, as well as sedimentary
maintain the typically high biomass and primary productiv- O, demand (SOD) as a proxy for organic matter recycling
ity in coral reefs (Hatcher, 1988; Sorokin, 1993), despite ofwere measured at all sampling locations.
the surrounding oligotrophic waters (Crossland and Barnes,
1983; Kleypas et al., 1999; Veron, 2000).

The investigation of sedimentary properties and processeg2 Materials and methods
in coral reefs is important for regions where agricultural ac-
tivity, riverine discharge or seasonal upwelling lead to sur- Environmental monitoring of sedimentary processes was ac-
plus nutrient concentrations, which in turn may stimulate complished in the TNNP bays Chengue, Gayraca, Neguanje
phytoplankton blooms and an ensuing high supply of or-and Cinto, at a water-current-exposed site on the western
ganic matter to and accumulation in the sediments (Calvertflank and a sheltered site on the eastern flank of each bay
1987). In Tayrona National Natural Park (TNNP), at the (Fig. 1). The sampling sites of the present study are identical
northeastern coast of Colombia, phytoplankton primary pro-with the sites where a hydrographic survey was performed in
duction is influenced by seasonal change through alternatingrder to assess the indicators for seasonal upwelling (Bayrak-
rainy and dry seasons, and a seasonal upwelling (Salzwedéhrov et al., 2014a). The sampling sites with different expo-
and Muiller, 1983; Andrade and Barton, 2005; Paramo et al.sure were chosen based on studies demonstrating the differ-
2011). In addition, particularly during the rainy season, phy-ence in water current dynamics between the western and the
toplankton growth can be stimulated by riverine dischargeeastern sides of the bays (Bayraktarov et al., 2013, 2014b).
of several smaller river mouths in the east (Rio PiedrasWater current velocities at a depth of 8—-10 m were between
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3.9 and 7.4cms! with statistically significant differences [CARIBBEAN SEA ey
(stronger water currents at the exposed than at the sheltere TNNP S 4 ’X
site) during the months of non-upwelling (Bayraktarov et al., fE/ 5 N
2014b). -
e

2.1 Assessment of sedimentary organic matter supply Coloibia - 8 Cinto «

H AR
Organic matter reaching the seafloor was measured monthl 2\4 /\Gjyrac; /];Neguanje é\}
between January 2012 and February 2013 at exemplary site| = /Chengué) c s =
in Gayraca Bay (Fig. 1). Custom-made sediment traps con| - ¥ . {
sisting of 40cm long PVC (polyvinyl chloride) cylinders 1/4 Lf \kuf 2 km
with a diameter of 5.7 cm and closed lower ends were con- —
structed. Traps were deployed in triplicate at each of the I seagrass beds
two sites in Gayraca at a water depth of 10 m directly in 74°730W Coral formations

the local coral reefs by attaching them to metal rods that
were inserted into the seafloor for the period of study. TrapsFigure 1. Bays of Tayrona National Natural Park (TNNP). Dis-
were always at 5cm over the sea bottom and at approxiplayed are Chengue, Gayraca, Neguanje and Cinto and the sam-
mately 10 m apart from each other. The deployment timepling locations at the western (water-current-exposed sites) and the
was 48+ 2 h. After collection, sediment traps were tightly €astern (water-current-sheltered sites) flanks of each bay. Source:
closed in situ and brought upright to the boat where the wa/nvemar (2012).

ter with collected suspended material was decanted into 1.8 L

clean plastic containers and transported on ice and in dark-

ness to the laboratory for immediate processing. Aliquotescollected during major upwelling in 2011/2012 and non-
from the homogenized total trap contents were filtered onupwelling in 2012 by a custom-made rectangular PVC corer
precombusted glass fiber filters (VWR International; diam-(30 cmx 15cmx 10cm) from a sediment depth of 2cm
eter: 25mm, nominal particle retention: 0.7 um) for POC (n =3 per site and sampling) and transported in plastic
(0.1L), PON (0.1L), and cht analyses (0.1L). Filters with  ziplock bags to the laboratory. Subsamples of sediment (ca.
particulate trap material for POM determination were dried 200 g wet weight) were desalinized with distilled water and
for at least 48 h at 48C and stored dry and in darkness until dried at 80 C for at least 24 h. Grain size was determined
analysis. Dried filters for POC analysis were acidified with by sieving dry sediment samples of a known weight through
sterile 1N HCI until gas production ceased (assessed visua calibrated sieve stack (mesh sizes of 2000, 1000, 500,
ally and acoustically) in order to remove the small remaining250, 125, 63, and including: 63 um fraction) for 10 min
carbonate grains from the particulate material, as describefly a sieve shaker (Analysette, Fritsch, Rudolstadt, Germany)
by Nieuwenhuize et al. (1994), and subsequently dried forand weighted. Porosity was calculated from weight loss of a
48 h at 40°C prior to measurements. Determinations of POCknown volume of wet and desalinized sediment after dry-
and PON were conducted by an elemental analyzer (EURGng at 80°C for at least 24 h according to Higgins and
EA 3000, EuroVector, Radavalle, Italy). Carbon and nitro- Thiel (1988). Sediment samples £ 3 for POM andn = 3

gen contents were derived from calculations using elemenfor chla per site and month) were collected by custom-made
tal standards (acetanilide: containing 7146.18% C and  cores consisting of cutoff syringes with diameters of 2.9 cm.
10.42+0.13% N, HEKAtech GmbH, Wegberg, Germany). Sediment cores containing the first 1 cm depth fraction of
Filters for chla were frozen at-20°C and kept in the dark  marine sediment with a surface area of 6.6 evere sealed
until extraction. Each filter was extracted using 6 mL 90 % by rubber stoppers in situ and transported to the laboratory
acetone for 24 h at%C in the dark. Measurements were per- on ice and dark. For POM analysis, sediment samples were
formed by a fluorometer (excitation filter 436FS10, emissiondried for at least 48 h at 4L and stored dry and in dark-
filter 680FS10; 10AU" Field Fluorometer, Turner Designs, ness until analysis. Prior to analysis, all samples were ho-
Sunnyvale, USA) according to the non-acidification methodmogenized by a grinder (Planetary Micro Mill Pulverisette 7,

of Arar and Collins (1997). Fritsch, Rudolstadt, Germany) for 3 min. Subsamples of 15—
20 mg of the ultra-fine sediment were preweighted in silver
2.2 Assessment of sedimentary properties cups for POC and aluminum for PON determination. POC

samples were acidified several times with 1 N HCI to remove
Monitoring of sedimentary parameters took place in monthly carbonate particles from the sediment according to Nieuwen-
intervals between December 2011 and February 2013. Sanfwuize et al. (1994) and dried at 40 for at least one week
pling water depths were between 10.0 and 14.5m de+prior to analysis. Elemental analyses of POC and PON in
pending on sediment availability in the bays. Sedimentssediment samples were conducted as described above. Car-
for porosity determination and grain size analysis werebonate (CaCg) content was determined by subtraction of
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organic carbon content from POC analyses from total carboriure. Temperature of water during incubation was monitored
determined by PON analyses. by a HOBO Pendant temperature/light logger (Onset Com-
For chla extraction, sediment samples were freeze-driedputer Corp., Bourne, USA). Net SOD rates were calculated
overnight (Christ Alpha 1-4 LD Freeze dryer, SciQuip Ltd, for each glass jar by dividing the difference between initial
UK) and homogenized in the dark by pestle and mortar. Aand end @ concentrations by incubation time and subtract-
subsample of 1g from each homogenized sediment sampling the seawater controls determined in 60 mL Winkler bot-
was weighted in 10 mL centrifuge tubes and subsequentlytles (2 = 4 per site and month) as described above. Negative
treated with 7 mL of cold 90 % acetone. The samples wererates of sediment Yuptake were transformed to absolute
thereafter subjected to pulsed ultrasonic treatment (80 % amaumbers and converted into mmog @2 d~1. Oxygen con-
plitude, 70 W, for 2 min with pulses of 1s, Bandelin 3100 centrations during dark incubations decreased by 21 (mean)
Ultrasonic Homogenizer with M72 tip, vials on ice). Ex- to 47 % (max) during the incubation time of 8 h. The final
traction was completed at°€ for 24 h in the dark. Prior oxygen concentrations never went below 50% saturation,
to measurements with a UV/VIS (ultraviolet/visible) spec- thus a linear decline could be assumed.
trometer (Lambda 35 UV/Vis Spectrometer, Perkin Elmer)
at wavelenghts of 630, 647 664 and 750 nm, samples con2.4 Statistical data analyses
taining algal pigments extracts were centrifuged for 10 min
at 5000 rpm (revolutions per minute) and@ (Centrifuge  Seasonal time intervals of the TNNP used for statistical
5804R, Eppendorf, USA). Determination of ahlwas ac-  analyses of sedimentary parameters were major upwelling
complished according to the trichroic equation of Jeffrey season (major dry season, December—April), minor non-
and Humphrey (1975) by the non-acidification method by upwelling season (minor rainy season, May—June), minor up-
Arar (1997). welling season (minor dry season, July—August), and ma-
jor non-upwelling season (major rainy season, September—
2.3 Quantification of sedimentary oxygen consumption ~ November) in accordance with the long-term hydrograph-
ical survey by Bayraktarov et al. (2014a) and further sup-
Rates of SOD were measured after a modified incubatiorported by Salzwedel and Mdiller (1983), Bula-Meyer (1990),
method by Wild et al. (2010). Therefore, sediment was sam-Diaz-Pulido and Garzén-Ferreira (2002), and Andrade and
pled by the custom-made cores described above and until Barton (2005). For analyses of sedimentation of POC, PON
maximum of 1 cm sediment depth £ 4 per site and month) and chla along with measurements of porosity and grain
in order to assess the place where freshly supplied organisize distributions, the seasonal time intervals were pooled to
matter in the sediment surface layer arrives and is rapidlyupwelling (major and minor upwelling) and non-upwelling
turned over by microbes via oxic respiration. Preliminary test(major and minor non-upwelling). For analyses of sedimen-
measurements revealed that no bioturbating meiofauna watation rates, only parameters measured in Gayraca Bay were
present in the sediment samples, indicating that bioturbatiorused.
was very low. Seawater required for incubations was sampled The design and statistical analyses of the present study
with a clean black neoprene bag of 25L volume at a waterare consistent with methods used in long-term environmen-
depth of 10 m and sealed under water. Concentrations of distal monitoring and assessments, e.g., on water quality (Wear
solved Q were measured prior to and after incubation with a and Tanner, 2007; Bayraktarov et al., 2014a). Seasonality and
portable meter (HQ40d, Hach, Loveland, USA) with a lumi- differences due to exposition to waves and water currents
nescent dissolved oxygen optode (LDO101-01, Hach, Love-of the sampling locations were examined by a permutation
land, USA) immediately after sampling and on the boat. Priormultivariate analysis of variance (PERMANOVA; Anderson,
to measurements, the,ptode was calibrated in 100% 2001; Anderson et al., 2008). Analyses were performed with
water-saturated air according to the manufacturer’s instrucseasonal means of sedimentation variables (supply of POC,
tions. Subsamples of the freshly sampled seawater 4 PON and chla to the sediment), sedimentary parameters
per site and month) were taken by 80 mL glass jars and sedchl a, POC, PON, CaCg and SOD), and sediment char-
iment fractions carefully inserted. Glass jars were closed toacterization (grain size and porosity).
avoid any introduction of air and incubations were runin dark  Univariate PERMANOVAS were performed for each sed-
cooling boxes filled with ambient seawater fot@ h. The  imentation and sedimentary variable, and sediment charac-
experiments were conducted in closed, non-mixed incubaterization, separately in order to identify significant differ-
tion containers. At the end of each incubation, the seawateences between seasons, bays and exposure (Table 1). For
was thoroughly stirred in order to destroy any concentrationthe sedimentary variables chl POC, PON, CaC® and
gradients that had developed during incubation. IncubatiorSOD, the fixed factors were seasons with four levels (major
temperature was kept constant by a temperature controlleand minor upwelling, major and minor non-upwelling) and
with a sensor (STC-1000, SainSonic Inc) and an attache@xposure with two levels (exposed and sheltered), whereas
aquarium heater (H-229, HOPAR, Guangdong, China), andays (Chengue, Gayraca, Neguanje, and Cinto) were set as a
never exceededl 2°C relative to in situ seawater tempera- random factor. For sedimentation variables, the fixed factors
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Table 1.Seasonal means of sedimentary parameters and univariate analyses. Significant PERMANOVA results are indicated by asterisks with
* for significant (p < 0.05). Not significant values are displayed in italics. Abbreviations: exposed site (exp), sheltered site (she), particulate
organic carbon (POC), particulate organic nitrogen (PON), chlorophghl a), and calcium carbonate (CaGD

Major upwelling Minor upwelling Major non-upwelling Minor non-upwelling Seasons Bays Exposure
Variables/Sites exp she exp she exp she exp she Pgeéudo- (p) PseudoF (p) Pseudor (»)
POC sedimentation (mg POCTAd 1) 623+ 193 382+124 532+ 95 514+ 169 399+ 63 242448 406+ 190 338+ 83 17.410 0.029* - - 8.916 0.046
PON sedimentation (mg PONTR d~1) 110+47 63+ 19 89+ 49 77+£25 54+12 32+9 66434 49+12 12.589 0.046 - - 6.661 0.099
Chla sedimentation (mg chl m’zd’l) 66.4+41.2 27.9:215 27.6:9.0 17.2£19.9 8.5+5.0 1.2£0.1 12.2+-8.8 3.7+4.2 7.853 0.057 - - 2.558 0.193
Molar C: N of supplied POM 6.6:25 7.3+1.3 8.4+4.0 8.0£2.2 8.7+1.0 8.0+4.5 7.4+0.7 8.1+14 0.847 0.428 - - 0.003 0.945
Relative proportion of chk in supplied POC (%) 0.1%50.11 0.10:+0.08 0.070.02 0.04:0.04 0.03£0.02 0.00.00 0.04:0.02 0.010.01 6.892 0.159 - - 1.593 0.292
Sedimentary POC (mg POC) 2.06+0.57 2.38£0.46 2.14-0.38 248:0.65 251:0.77 2574045 1.90:0.36 2.13:0.30 3.628 0.040 2.662 0.086 4625 0.041
Sedimentary PON (mg PON'd) 0.31+0.09 0.31+0.06 0.33:0.09 0.34:0.10 0.39£0.10 0.35:0.07 0.310.07 0.31+0.06 1.987 0.148 4.041 0.027 0.034 0.845
Sedimentary Cht (1 g chla g’l) 4.604+3.08 7.56:4.23 481132 499226 5974168 520£1.69 458:-150 5.29-1.56 1.144 0.338 0.659 0.592 3.782  0.049
Sediment @ demand (mmol @rn’2 d1) 10.6+6.1 17.4£5.8 14.3£6.3 18.7£5.6 15.1£6.9 20.5£4.0 12.3£6.1 17.4£7.8 1.653 0.179 1.986 0.138 16.676 0.001
Sedimentary CaCg(%) 6.2+2.7 8.5£2.7 7.1+25 8.4+2.6 7.3+26 8.5+2.6 6.7+2.9 8.3+29 0.104 0.941 11.122  0.002 4537 0.047
Porosity (% wt/wt) 37.5:9.7 43.9:5.3 - — 35.4:104 46.5:4.0 - - 0.003  0.956 0.666 0.603 4.404  0.052
Grain size (um) 1006 352 606+ 142 940+ 407 590+ 105 0.080 0.756 1.335 0.315 6.715 0.040

were exposure (exposed vs. sheltered site) and season (ugre also available as supplementary material (Tables S1-S4
welling vs. non-upwelling), while for sediment character- in Supplement).
ization parameters the fixed factors were exposure (ex-
posed vs. sheltered site) and season (upwelling vs. non3.1 Sedimentary organic matter supply
upwelling) along with the random factor bay (Chengue, o
Gayraca, Neguanje, and Cinto). Correlations among sediSPatial differences. Generally, more POC, PON, andachl
mentary parameters and along the horizontal distance gradi¥®® s_upphed to the seafloo_r at the exposed site in Gayrgca
ent between Santa Marta and the TNNP bays were identifie®2 (Figs- 2, 3), but only sedimentary POC supply had a sig-
by a Spearman’s rank correlation (Tables 2, 3). nificant dlfferer_we betV\{egn sites (Table 1). The mean molar
Multivariate analyses considered the sedimentary vari-POC : PON ratio was similar between the exposed (7.3) and
ables grain size, porosity, carbonate content of sedimentst,he sheltered site (7.6) aqd without S|gn|f|c§nt spatial differ-
POC, PON, ch, and SOD (Table 4). Prior to analyses, sed- €NC€ (Table 1). The reI_at|ve molar chlfraction of the to-
imentary variables were normalized by subtracting the mearjd! trapped POC was higher at the exposed (0.11 %) than at
and dividing by the standard deviation of each variable ( the sheltered site (0.06 %), but without significant difference
transformation), thereby enabling a comparison on the saméTable 1). ) S ]
scale where all means equal 0 and the standard deviations 1€mpPoral differences. Significantly higher rates of POC
are 1 (Quinn and Keough, 2002). Euclidean similarity was@"d PON sedimentation (Table 1) were measgredl dur-
used to obtain the resemblance matrix, and a type Il sum of"9 Major upwelling with 502.% 201.3mg POC m“d~
squares (partial, SS) was applied in order to calculate the Sig(meanﬂ:ZSD . standard deviation) and 86&®2.6mg
nificance levels under a reduced model for all PERMANOVA PONRT=d™* compared to major non-upwzelllnlg with
analyses. A principle coordinates ordination (PCO; Gower,320-4+98.4 POC and 42.4151mg PONm<d™", re-
1966) was used to visualize the seasonal patterns of sediPeCtively. Rates were also h2|gh1dur|ng minor upwelling
mentary variables, bays and exposure. The effects and colith 52:2)"1:':1129'6 mg POCm<d™" and 82.8+36.8mg
relations of sedimentary variables with both PCO axes werd ONNT“d~* as compared to minor non-upwelling with
indicated as vectors. 369.0+ 138.1 POC and 56#25.1 mg PON m?d~1, re-
Statistical analyses were conducted by the softwareSPectively. Chla supplied to the sediment wag g?ner-
PRIMER® (Plymouth Routines in Multivariate Ecological 2lly higher during major (47.237.8mg chla m d; ;
Research: v 6.1.11 PRIMER-E Ltd., UK) and the PRIMER MeantSD) and minor (22.4-15.6mg chla m™d™" )
add on PERMANOVA- (V 1.0.1 PRIMER-E Ltd, UK) The upwelllng as Compared to major and minor nOﬂ-UpWE”lng

—24-1 ;
software SigmaPlot 12.0 (Systat Software Inc) was used fok#:9+ 5.1 and 7.6 7.8 mg chla m™=d™, respectively).
graphical representation of data. The sedimentation rate of chl was positively corre-

lated to sedimentation of POC and PON. Pulses of or-
ganic matter supply were particularly observed during ma-
jor (December—April) and midyear (July—August) upwelling
3 Results (Figs. 2, 3). Annual mean rates of organic matter supplied
to the sediments interpolated over 14 months of monitor-

Temporal variations for all data on organic matter suppl toin(‘:‘l were 200 g POC mzyr_l’ 34g PON mzyr_l’ and 169
b 9 PPYIO s m2yr-Tat the exposed site, and 136 g POCgr—1,

the sediments and sedimentary parameters of all bays ar, 1 2.1
provided as supplementary material (Figs. S1-S5 in Supple-%eg rPeSNercT:Iivglr »and 7g chle m==yr™= at the sheltered
ment). The seasonal means at the exposed and sheltered sites ' 'SP Y-

for the TNNP bays Chengue, Gayraca, Neguanje and Cinto
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Figure 2. Sedimentary supply of POM to the seafla@) Sedimentary POQp) sedimentary PON supply to the seafloor at an exposed and
sheltered site in one exemplary bay in Tayrona National Natural Park (Gayraca). Upwelling periods are highlighted in blue. Abbreviations:
particulate organic matter (POM), particulate organic carbon (POC), and particulate organic nitrogen (PON).

Table 2. Correlation matrix of environmental sedimentary parameters with distance to Santa Marta and seasonal resolution. Significance
levels of correlation coefficients (Spearman’s rank correlation) among environmental variables with distance to Santa Marta are indicated by
asterisks with* for significant (p < 0.05). Not significant values are displayed in italics. Abbreviations as previously defined in Table 1 and
sediment oxygen demand (SOD).

Seasons Correlations with distance to Santa Marta

Chla POC PON SOD CaC® Porosity Grainsize
Major upwelling 0.76 0.66 0.11 0.76* 0.44 0.33 —0.66
Minor upwelling 0.22 0.33 0.11 0.44 0.33 0.33 -0.66
Major non-upwelling -0.44 0.11 -0.11 0.44 0.33 0.55 —-0.44
Minor non-upwelling  0.22 0.55 0.11 0.44 0.44 055 —-0.44

Gayraca (0.320.06 mg PONg?), Cinto (0.314+0.10 mg
PONg1) and Neguanje (0.220.06 mg PONgl), how-
Spatial differences. Sediments at the exposed sites werever with significant difference (Table 1) only between
largely composed of well-moderately sorted, very coarseChengue and Neguanje. No significant differences in sedi-
sands with a mean grain size of 9%¥374 um @ SD). Poorly  mentary PON contents were observed between the sites of
sorted medium-coarse sands with significantly smaller grairdifferent water-current-exposure (Table 1). Sedimentary chl
sizes (598t 123 pm) were found at the sheltered sites (Ta-a was significantly higher (Table 1) at the sheltered sites
ble 1). The porosity at the exposed sites (38%9%  (6.42+ 3.51 g chk g (dry mass)?! than at the exposed sites
wt/wt; meandt- SD) was generally lower than at the shel- (4.914+ 2.49, respectively). During major upwelling, sedi-
tered sites (45.24.8% wt/wt). Carbonate contents were mentary chk increased with decreasing distance to the rivers
generally low and significantly higher (Table 1) at the in the east (Table 2). The significant correlations along the
sheltered (8.42.7% dry weight; meag SD) than at distance gradient disappeared during non-upwelling, except
the exposed sites (62.7%) and indicated sediments for the positive correlation between distance to Santa Marta
mainly composed of silicate. Significant differences wereand carotenoids during munor non-upwelling (Table 2).
observed between the bays (Table 1) with the highest car- Temporal differences. No seasonal differences were ob-
bonate content in Chengue (1&1.2%), followed by served for the sedimentary properties grain size, porosity
Neguanje (8.41.2%), Gayraca (7.4 3.4%), and Cinto and carbonate content (Table 1). Sedimentary grain size
(4.4+ 0.8 %). POC in reef sediments was significantly differ- was negatively correlated to SOD, carbonate content and
ent between sites of exposure (Table 1) with higher contentgorosity of sediments (Table 3). Carbonate content was pos-
at the sheltered sites (2.400.48 mg POC g (dry mass)) as itively correlated to PON contents and porosity of sedi-
compared to the exposed (2.14 +0.60 mg PO gites. The  ments (Table 3). Sediment porosity was positively correlated
highest PON content of 0.380.08 mg PON g (dry mass} to carbonate content, and highly negatively correlated to
was observed in sediments from Chengue Bay, followed by

3.2 Sedimentary status parameters
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Table 3. Correlation matrix of environmental sedimentary parameters. Significance levels of correlation coefficients (Spearman’s rank cor-
relation) among sedimentary parameters and distance from Santa Marta are indicated by asteridks sighificant (p < 0.05) and** for

very significant p < 0.01). Not significant correlations are displayed in italics. Abbreviations as previously defined in Table 1 and sediment
oxygen demand (SOD).

Chla PON POC SOD CaC® Porosity Grainsize

Chla -0.16 0.11 0.3% 0.05 0.09 -0.34
PON 0.80* 0.21 0.36" —-0.03 0.11
POC 0.42 0.32 0.20 —-0.16
SOD 0.31 0.31 —0.37
CaCG 0.69%* —0.61*
Porosity —0.90**

Table 4. Multivariate analyses: significant differences among environmental sedimentary parameters in Tayrona National Natural Park and
multiple comparisons between seasons and bays. Main effects of multivariate analyses and the multiple comparisons between seasons (maj
upwelling, minor upwelling, major non-upwelling, and minor non-upwelling) and bays (Chengue, Gayraca, Neguanje, and Cinto) are shown
for the parameters sedimentary ehlPOC, PON, SOD, and CaGOSignificant PERMANOVA results are indicated by asterisks with

for significant (p < 0.05) and** for very significant p < 0.01). Not significant values are displayed in italics. Abbreviations as previously
defined in Table 1 and sediment oxygen demand (SOD).

Factors DF Pseuds- (p)

Seasons (fixed) 3 1.234 0.286
Bays (random) 1 3.270 0.001

Exposure (fixed) 3 7.827 0.001

Exposurex season 3 0.770 0.643
Multiple comparisons between seasons t (p)

Major upwelling — minor upwelling 0.763 0.677
Major upwelling — major non-upwelling 1.260 0.247
Major upwelling — minor non-upwelling 0.790 0.645
Minor upwelling — major non-upwelling 0.830 0.576
Minor upwelling — minor non-upwelling 0.809 0.616
Major non-upwelling — minor non-upwelling 1.596 0.067
Multiple comparisons between bays t (p)

Chengue — Gayraca 1.633 0.122
Chengue — Neguanje 2.612 0%01
Chengue — Cinto 2.240 0.023
Gayraca — Neguanje 1.341 0.203
Gayraca — Cinto 1.247 0.195
Neguanje — Cinto 2.014 0.031

sedimentary grain size (Table 3). POC contents in reef sedihighly significant correlation with sedimentary POC and was

ments were significantly different between seasons (Table 1)positively correlated to carbonate content (Table 3). Con-

The highest POC was measured during major non-upwellingcentrations of chk in marine sediments were significantly

(2.54+ 0.63mg POCg'; meant SD) and the lowest dur- different between seasons (Table 1) with higher values dur-

ing minor non-upwelling (2.02- 0.35 mg POC g). Similar ing major (6.123.99ug chlag™!) upwelling and non-

POC contents were measured during major (£2854mg  upwelling (5.5% 1.72 ug chla g~1) than compared to mi-

POCg) and minor (2.3 0.56 mg POC gl) upwelling. nor (4.90+ 1.83 ug chle g~1) upwelling and non-upwelling

Sedimentary POC was highly correlated to PON and was ad¢4.92+ 1.56 ug chla g~1). Chla exhibited positive correla-

ditionally positively correlated to SOD (Table 3). Sedimen- tions with SOD (Table 3).

tary PON contents ranged between (430.08 mg PON g*

(meant SD) during major upwelling and 0.3#0.09mg 3.3 Sedimentary @ demand

PON g during major non-upwelling, but without signif-

icant differences between seasons (Table 1). PON had &patial differences. Sedimentary ; OQuptake was sig-
nificantly higher (Table 1; Fig. 4) at the sheltered
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160 affect sedimentary parameters during the other seasons. The
_ ® exposed countercurrent-located city Santa Marta had no measurable
> 140 4 -0 sheltered ; ;
© effects on sedimentary properties.
e 1201 |
= 5
E 100 { L: . .
5 (R 4 Discussion
T 8017 o
é 50 R { ; 4.1 Organic matter supply to reef sediments
§ 401 The organic matter supplied to TNNP reef sediments was
= 5. T L % RN generally higher at the wind-, wave- and water-current-
S 20 T e te i . . 0 .
i = 3 e exposed site and increased significantly during seasonal up-
0 2% o, &8 welling. The difference in exposure degrees between the op-
%%"1 geb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 53”1 geb Mar posing sites was addressed in previous studies (Bayraktarov

et al. 2013, 2014b). Because of the design of the sediment
Figure 3. Sedimentary supply of chlorophy#t (chl a) to the traps, its short deployment duration of 48 h, and visual in-
seafloor at an exposed and sheltered site in one exemplary bay igpection of the trap contents, we can largely exclude resus-
Tayrona National Natural Park (Gayraca). Major upwelling periods pension and trapping of benthic fauna. Our results therefore
are highlighted in blue. closely reflect the sedimentation of POM from the water col-
umn to the seafloor. The high contents of organic matter de-
livered to the sediments at the exposed site are likely the
(18.2+5.9mmol @ m—2d-1; meant SD) than at the ex- consequence of increased water mixing and transport pro-
posed (12.3 6.6 mmol @ m—2d~1) sites. SOD had a pos- cesses by water currents (Alldredge and Silver, 1988; Kep-
itive correlation with distance gradient during major up- kay, 1994). However, a higher accumulation of organic mat-
welling (Table 2). ter and consequently increased SOD were observed at the
Temporal differences. Seasonal differences had no effectwater-current-sheltered sites where the sedimenting material
on sedimentary SOD. SOD was positively correlated taxchl was allowed to settle due to lower hydrodynamics. The mo-
and POC, and negatively correlated to grain size of sedimentkar C: N ratio of organic matter was above the Redfield ra-
(Table 3). Sedimentation of PON was positively correlated totio of 6.6 for fresh phytoplankton detritus (Redfield, 1958),

POC supply, but negatively correlated to SOD. but generally kept within the range of 6-8 for open ocean
and intertidal flat phytoplankton (Canfield et al., 2005). Only
3.4 Spatiotemporal analysis during January did the C:N ratio of organic matter sup-

plied to the sediments decrease below 6.6, indicating a de-
Multivariate analyses taking into account the sedimentary papletion of organic carbon and a relative enrichment in N,
rameters grain size distribution, porosity, carbonate contentsupported by observations from cold, upwelling-rich regions
sedimentary POC and PON, ch) and SOD as variables that are governed by high turbidity and nutrient availability
showed that spatial differences were more pronounced tha(Martiny et al., 2013a). Typically, during non-upwelling, the
seasonal. While no significant seasonal differences were ob< : N ratios exceeded 8, which goes along with results from
served among the overall sedimentary parameters, significantarm oligotrophic regions where inorganic nutrients are de-
spatial differences were present between sites with differenpleted (Martiny et al., 2013a). The C: N ratio links the car-
exposure and bays (Table 4). Pair-wise comparisons revealdabn and nitrogen cycles and yet the systematic regional varia-
that the measured parameters were only significantly differtions in C: N are not fully understood. Some authors suggest
ent between the seasons of major non-upwelling and minothat variations in C: N ratio are attributed to regional differ-
non-upwelling (Table 4). Differences in sedimentary param-ences in environmental conditions and phytoplankton diver-
eters between bays were significant between Chengue arglty while at least five C: N ratio-driving mechanisms exist:
Neguanje, Chengue and Cinto, and between Neguanje and) content of cellular N declines when cells are N-limited
Cinto (Table 4). leading to an increased C: N ratio (Vrede et al., 2002); (2)
PCO ordination confirmed results of multivariate analyseslower cellular C: N ratio is present for phytoplankton grow-
showing that best separation was obtained by grouping théng under low-light irradiance and high-nutrient availability
data in their (dis)similarity according to the degree of expo- (Cronin and Lodge, 2003); (3) negative relationship between
sure between sites (Fig. 5¢) as compared to seasons (Fig. 58): N and growth rate (Chalup and Law, 1990); (4) changes
and bays (Fig. 5b). Only during major upwelling were the in phytoplankton community composition lead to variation in
parameters cht and SOD significantly positively correlated C: N ratio (Martiny et al., 2013b); and (5) influence of detri-
to the distance gradient between Santa Marta and the rivetus on C: N ratio (Martiny et al., 2013b). While mechanisms
months in the east, indicating that riverine discharge did not(3), (4) and (5) cannot be excluded, the C: N ratios of the
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Figure 4. Sedimentary @ uptake in Tayrona National Natural Park. Displayed are sedimentage@and rates at an exposed site and a
sheltered site in the baya) Chengue(b) Gayracajc) Neguanje; andd) Cinto. Major upwelling periods are highlighted in blue.

present study show a typical pattern characterized by light The supply with organic carbon to the seafloor can range
(typically decreased during upwelling due to higher turbid- from 50g C nT2yr—1 in oceanic areas, but may reach 200—
ity; Bayraktarov et al., 2014a) and nutrient availability (in- 600g CnT2yr—1 in coastal settings where nutrients are de-
creased during upwelling; Bayraktarov et al., 2013, 2014a). livered by rivers, upwelling currents or water mixing (Bor-
During major and midyear upwelling, the sedimentation denave, 1993). In TNNP, over 75% of the annual organic
rates of chla exceeded typical values of 15pgnr2d—1 matter delivery was supplied during seasonal upwelling
reported for shallow oligotrophic coral reefs (e.g., Gulf of (December—April and July—August) to the sediments (79 %
Aqaba, Red Sea; Wild et al., 2009) by 2—-3 orders of mag-at the exposed site and 76 % at the sheltered site). Annual
nitude. The high amount of chl delivered to TNNP sed- POC sedimentation rates in TNNP were close to rates re-
iments is unique for coral reefs as it exceeded even sediported for Kaneohe Bay, Hawaii (179 g CRyr—1; Taguchi,
mentation rates of chlorophyll after natural pulses of large1982) and the Tuamotu Atoll lagoon, French Polynesia
amounts of organic matter, e.g., during mass coral spawn(128g C nt2yr—1: Charpy and Charpy-Roubaud, 1991),
ing events £ 3.0mg m2d—1; Wild et al., 2008). These high higher than rates registered in Davies Reef, Great Barrier
rates of chk sedimentation may potentially be caused by ex- Reef, Australia (33 — 51 g C nfyr—1; Hansen et al., 1992),
tensive phytoplankton blooms triggered by enrichment of in-but below rates measured in the southwest lagoon in New
organic nutrient availability not only via upwelling (Franco- Caledonia (276 g C mfyr—1; Clavier et al., 1995) or One
Herrera et al., 2006; Arévalo-Martinez and Franco-HerreraTree Island, Great Barrier Reef, Australia (548 g C2yr—1;
2008; Garcia-Hoyos et al., 2010; Ramirez-Barén et al., 2010Koop and Larkum, 1987). According to the amount of POC
Bayraktarov et al., 2013) but also via discharge of severakupplied to the sediments, the TNNP can be classified as
smaller river mouths in the east of TNNP (Bayraktarov et al., mesotrophic (100-300g CTAyr~1; Nixon, 1995). This is
2014a). the first data set on the spatial and temporal dynamics of
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45 sites exhibited higher accumulation of POC and«chis a
a * e Major upwelling consequence, these sites had higher (more than 30 %) rates
21 .« °, bl I of SOD as compared to sites exposed to water currents. High
° + minor non-upwelling rates of SOD indicate a rapid recycling of organic matter
ol . L) . and reoxidation of reduced products of anaerobic respiration
* *ope (Canfield, 1993).
o Accumulation of organic matter is facilitated by slow de-
27 oo+ composition in low-energy (characterized by low water cur-
rent dynamics) fine-grained sediments (Bordenave, 1993)
-476 - + ; 4 ) like at the sheltered sites of TNNP where significantly more
PCO1 (40.4% of total variation) organic carbon was measured. Our findings of higher accu-
45 mulation of organic material at these sites are supported by
b “ 4 Chengue several studies showing that fine-grained sediments usually
R ﬁﬁ:é[ﬁje carry high organic matter content and support a higher mi-
27 A o e Cinto crobial biomass as compared to coarse sediments (Zobell,
o XX 1938; Newell, 1965; Meyer-Reil, 1986). A higher micro-
s bial biomass at the sheltered sites is confirmed by the in-
creased SOD rates within these sediments. Especially cal-
o &% x careous reef sands are often associated with high numbers
2+ . . of heterotrophic microorganisms (Wild et al., 2006) involved
in a rapid remineralization of organic matter (Rasheed et
al., 2002; Wild et al., 2004a). However, reef sediments in
*E " 3 5 5 : TNNP had lower carbonate contents 11 %) than reported
PCO1 (40.4% of total variation) for other reef areas (75—-85 % for Gulf of Agaba, Red Sea;
41 Rasheed et al., 2003), and contents of supplied organic ma-
. zﬁgﬁ:f:d terial were comparable to organic carbon in reef sediments
composed of silicate (2.4 mg§; Rasheed et al., 2003). Ac-
cumulated organic carbon was below values reported for car-
s o° bonate coral reefs (e.g., 3.6 mggfor the Gulf of Agaba,
carbongila Red Sea (Rasheed et al., 2003), or 3.4—4.7 mgfgr the
Great Barrier Reef (Moriarty, 1982)). POC contents in TNNP
o sediments are in the range of typical values for shallow,
oxygenated sediments of the sheff§mg g 1; Bordenave,
1993; Jgrgensen, 1996). Dell’Anno et al. (2002) observed
that oligotrophic control sites in Mediterranean sediments
- had mean values of 4 ug chla g~* and suggested this as
PCO1 (40.4% of total variation) a threshold for oligotrophic sediments. As the ehton-

tent in TNNP reef sediments oscillated slightly above this
Figure 5. Graphical representation of multivariate analyses results, 5|,,e (4.9ug chla gfl during non-upwelling and 6.1 g

by principle coordinates ordination (PCO). PCO of environmen- hl a a1 durin wellin h n har iz
tal sedimentary parameters was grouped by seagnbays(b), fnesao?oliggltjrop%igp elling), they can be characterized as

and exposure to wave and water currents of the sampling locations
(c). Effects and directions of environmental variablegdpare dis- . . .
played as vectors with the abbreviations particulate organic carboft-3 ~ Sedimentary oxygen consumption and organic
(POC), particulate organic nitrogen (PON), chlorophylichl ) carbon recycling

and sediment oxygen demand (SOD).

PCO2 (26.5% of total variation)

PCO2 (26.5% of total variation)

24 grain/ize

PCO2 (26.5% of total variation)
= §

Findings of the present study indicate that reef sediments of
TNNP are very efficient in the degradation and recycling of

organic matter supplied to reef sediments in the Caribbear®rganic matter supplied by the water column. The behavior

that are influenced by seasonal upwelling. of higher SOD in the finer sediments with higher porosity
at sheltered locations in comparison to exposed sites is in
4.2 Sedimentary properties agreement with the study of Alongi et al. (1996), who re-

ported SOD of 10.5mmolm?d-1 at sheltered sites com-
Finer sediments with higher porosity and carbonate contenpared to 2.1 mmol m? d~—1 in the carbonate-rich sand of the
were observed at water-current-sheltered sites in TNNP asxposed back-reef lagoon of Ningaloo Reef, Western Aus-
compared to -exposed sites. The sediments at the shelterdrhlia. The higher oxygen demand at the sheltered sites could
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be explained by a higher microbial biomass in the finer sil- nutrient-enriched upwelling waters and riverine runoff from
icate sediments and/or by the accumulated detritus, whiclthe east rather than an influence from the countercurrent-
experiences a retention at these sites due to a restricted wéscated city of Santa Marta in the southwest. Correlations of
ter circulation as suggested by Alongi et al. (1996). SODseawater chd concentration and biological oxygen demand
in TNNP was in the range of 10-120 mmob®2d~1 with this distance gradient were also observed for the water
reported for permeable sediments of the continental sheltolumn; however, the correlations were present during non-
(Reimers et al., 2004; Rusch et al., 2006). upwelling and disappeared during upwelling (Bayraktarov et
At the exposed site in Gayraca Bay, significantly more or-al., 2014a). Significantly increased ehtoncentrations with
ganic carbon was supplied than at the sheltered site. Howa mean value of 2.70 ugi were observed during upwelling
ever, higher SOD at the sheltered sites indicated a more effin TNNP seawater (Bayraktarov et al., 2014a), which may
cient remineralization of the supplied organic matter throughexplain the higher rates of clal supply to the sediments,
a high microbial biomass and/or a better deposition of or-where also an accumulation of chlwas registered during
ganic material due to lower water current dynamics. Highthis season.
SOD could be explained by high turnover rates that mainly  Significant seasonal differences were observed for sedi-
depend on (1) the sediment properties and/or (2) the qualmentation rates of POC and PON, which increased during
ity of supplied organic matter. Sediments at the exposedipwelling. Higher organic matter supply to the seafloor dur-
site are coarse, with lower porosity and continuously flushedng upwelling is consistent with the reported higher phy-
by increased water current dynamics. Water currents mayoplankton growth (Franco-Herrera et al., 2006; Arévalo-
augment the advective transport of particulates and soluteMartinez and Franco-Herrera, 2008; Garcia-Hoyos et al.,
through permeable sediments (Huettel et al., 2003; Rashee?i010; Ramirez-Baron et al., 2010) as a result of inorganic nu-
et al., 2003; Precht and Huettel, 2004; Reimers et al., 2004)trient enrichment during this season (Salzwedel and Mdiller
but they also may impede the deposition of organic matterl983; Bayraktarov et al., 2013; Bayraktarov et al., 2014a).
on the sediment surface by turbulent mixing (Alongi et al., While sedimentation rates of organic matter were higher dur-
1996). At the sheltered sites, the finer sediments are exposddg upwelling, incorporation of POC into the sediments was
to lower water current dynamics enabling the settlement ofsignificantly increased during non-upwelling. In contrast to
organic matter on the sediment surface. The decreased watstudies that reported pronounced seasonal effects on sedi-
flow here may facilitate advective porewater exchange to thamentary properties (Clavier et al., 1995; Rusch et al., 2000),
extent, so that organic matter is comparably more recycledhe multivariate analyses in the present study showed that lo-
(Huettel et al., 2003), which could explain the significantly cation (exposed vs. sheltered) and the differences between
higher SOD rates at the sheltered sites as compared to theays had stronger effects on sedimentary parameters than
exposed sites. In addition to sediment properties, sedimentseasonal change.
of TNNP received organic matter with extremely high ahl Sediment oxygen demand adjusted to the amount of sup-
contents from phytoplankton detritus of a C : N ratio betweenplied organic carbon and was always higher at the sheltered
6 and 8, representing an easily degradable, fresh organic maites, characterizing them as major places for organic mat-
terial. Through their sediment properties and the upwelling-ter recycling in TNNP. These findings suggest fast recycling
triggered supply with fresh organic matter, reef sediments ofof organic matter with ensuing release of regenerated nu-
TNNP appear highly adapted to processing organic mattetrients from the reef sediments. This in turn may fuel new
pulses triggered by seasonal upwelling and eutrophicatiorbenthic primary production. Our results show that the supply

events. of organic matter to the sediments is controlled by phyto-
plankton production in the water column and is likely trig-
4.4 Spatiotemporal influences and ecological gered by seasonal upwelling and riverine discharge. Rates of
perspective sedimentation of organic carbon, sedimentary organic mat-

ter, and chla concentrations suggest the marine sediments
The findings of the present study indicate that the reef sedef TNNP as meso-oligotrophic. The present study thus indi-
iments in TNNP are rather controlled by location than by cates that the parameters sedimentation rate of organic car-
season. Water-current-sheltered sediments exhibited highdron and sedimentary organic matter including ahton-
SOD rates after upwelling-induced pulses of organic mat-tents are cost-effective biophysical indicators that are rec-
ter sedimentation than sediments at exposed sites. The higlmmended to be included in regular monitoring activities of
SOD at the sheltered sites suggest a good pelagic—benthiENNP coral reefs.
coupling and processing of organic matter pulses during ma-
jor and midyear upwelling.

Sedimentary chla and SOD increased significantly Author Contribution

with decreasing distance to the eastern rivers during up-
welling, while no correlation along this distance gradient E. Bayraktarov and C. Wild designed the study and
was observed during non-upwelling, suggesting an effect ofe. Bayraktarov collected the data. Analysis of data was
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