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ABSTRACT 

Sediments under the invasive alga Caulerpa racemosa 
var. cylindracea were investigated in the southern Adri-
atic Sea (Priježba Cove, Pelješac Peninsula, Croatia). To 
identify the potential impact of Caulerpa racemosa var. 
cylindracea on granulometric composition, organic matter, 
organic carbon, total nitrogen, phosphorus content and 
redox potential, we investigated sites where the alga has 
developed the densest canopy in relation to sites unaffected 
with the alga. Vertical distribution of sediment particles 
along the cores showed highest variability in surface layers 
at invaded sites related to control that indicates changes in 
environmental conditions during the sedimentation. Pre-
vailing coarse grains in surface sediments at invaded sites 
can be attributed to alga’s capacity to trap sediment parti-
cles as well as to coastal weathering and transporting 
process. Organic carbon (C-ORG), total nitrogen (N-TOT) 
and total phosphorus content (TP) was also elevated in the 
surface sediment at invaded sites. C-ORG/N-TOT and C-
ORG/TP ratios as well as negative redox-potential indi-
cated the origin of the organic matter from marine sea-
grasses captured by the canopies and its degradation un-
der the anoxic conditions. Statistical analyses emphasized 
the differences between invaded and control sites in Pri-
ježba Cove, and indicated gravel and sand contents, total 
phosphorus and redox-potential as the key parameters con-
tributing to the presented differences. 
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1 INTRODUCTION 

The green alga Caulerpa racemosa var. cylindracea 
(Sonder) Verlaque, Huisman & Boudouresque (here after 
C. racemosa), as an invasive species [1], was recorded for 
the first time in the Adriatic Sea in Croatia in 2000 [2, 3]. 
The competitive success of this species, shortly after its 
appearance, was assigned to the ability of adaptation to 
different depths and environmental conditions in the wa-
ter column as well as to different types of substrate such 
as tide pools, on pebbles, rocks, dead Posidonia oceanica 
(here after P. oceanica) “matte”, sand and mud [4]. C. 
racemosa was found in polluted waters as well as inside 
relatively pristine areas [5, 6]. C. racemosa can establish 
highly abundant colonies in most of the habitats modify-
ing the composition of the benthic communities that result 
in decrease of total macrophyte cover [7-9] or changing the 
macroalgal diversity and vegetational characteristics of the 
epiphytic macroalgal assemblage on P. oceanica rhi-
zomes [10]. This invasive alga may form compact multi-
layered mats up to 15 cm thick that trap sediment material 
thus possibly contributing to the siltation of the assem-
blages [2, 11, 12]. The main mechanism of its invasion is 
overgrowing by dense canopy that result in large particle 
retention capacity per structure surface area [13].  

There are numerous papers that comprise C. racemosa 
taxonomy, morphology, seasonal dynamics, reproduction 
cycle, ecological impacts of this invasive species on the 
benthic communities [3, 4, 14, 15]. However, still limited 
information is available concerning the characteristics of 
sediments below the C. racemosa canopy [12, 16, 17] or 
the effects of particle trapping and hydrodynamics near 
the seabed [13].  

In this paper we investigated the variability of bio-
geochemical parameters in the sediments (granulometric 
composition, organic matter, organic carbon, nitrogen, 
phosphorus content and redox potential) at the sites where 
C. racemosa has developed the densest canopy in relation 
to unaffected sites. In order to determinate the potential 
impact of C. racemosa on “natural” ratios between car-
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bon, nitrogen and phosphorus as well as to the origin of 
organic matter, vertical distribution of all parameters in 
sediment cores at invaded and non-invaded sites were also 
studied. 

 
 
2 MATERIALS AND METHODS  

2.1 Sampling area 

Field research has taken place in October 2004 at Pri-
ježba Cove (Pelješac Peninsula, Adriatic Sea) by RV “Bios” 
(Fig. 1). The Bay (average depth; 32 m) is exposed to 
strong hydrodynamics and is not affected by human ac-
tivities. The sampling date was chosen to coincide with 
the annual maximum development of C. racemosa to 
assess its highest impact.  

Well developed meadow of the seagrass P. oceanica 
was formed at the seabed of the Bay from 5 to 30 m 
depth. Inside the meadow a few sandy and rocky areas (at 
10-20 m depth) were present. C. racemosa was observed 
approximately 1000 m distanced away from the coastline 
in the investigated area at water column depths of 0-50 m. 
On the edge of P. oceanica meadow C. racemosa has 
formed dense canopy, penetrating inside the meadow to 
around 1 m. Inside the continuous P. oceanica meadow, 
C. racemosa was not frequent. However, on the sandy 
bottom surrounded by P. oceanica meadow, C. racemosa 
has developed a dense patchy colony and completely 
covered the seagrass rhizomes at the centre of the colony. 

Two sites of P. oceanica covered with the densest 
canopy of the C. racemosa were chosen: the dead mats of 
P. oceanica (A) and the sandy bottom surrounded by 
seagrass P. oceanica meadow (B). Each “infected” site 
was compared with a control site not affected by C. ra-
cemosa distanced away 10–20 m (A-REF, B-REF). An-

other control bare sandy site with no algae at all (REF), 
approximately 500 m distanced away, was sampled as well. 
The depth of the investigated sites was as follows: site A 
and A-REF 14 m; site B and B-REF 13 m, and REF site 7 m, 
while temperature and salinity of seawater ranged from 
19.5 to 19.9°C and 38.4 to 38.6, respectively. 

 
2.2 Sampling methods and laboratory analyses 

Sediment samples for granulometric and chemical 
analysis were collected by SCUBA-divers using transpar-
ent plastic tubes (approximately 20 cm long and 8 cm in 
diameter) which were vertically inserted into the sediment 
to preserve an undisturbed core. The sediment cores in 
duplicates for the determination of redox-potential were 
capped with rubber caps and immediately emerged on 
board. Redox-potential (EH) in sediment cores was meas-
ured „in situ” by vertical penetration of Pt electrode with 
Ag/AgCl reference electrode, with quinhidrone buffer solu-
tions in pH=4 and pH=7 prepared according to Metrohm. 
For determination of granulometric composition, organic 
matter (OM), carbonates (CA), organic carbon (C-ORG), 
total nitrogen (N-TOT), as well as total and inorganic 
phosphorus contents (TP, IP), each sampled core was 
divided into slices-subsamples (1 cm thick), frozen (at 
-40°C) and freeze dried (Christo Alpha 1-5) until the 
laboratory analysis. The granulometric composition of 
gravel (>2 mm) and sand (0.063-2 mm) particles was 
determined by sieving. Obtained values were used for 
generating of cumulative granulometric curves. Silt (0.004- 
0.063 mm) and clay (<0.004 mm) particles content were 
determined from the curves. Granulometric parameters: 
mean size (Mz), sorting (So), skewness (Sk) and kurtosis 
(Kg) were calculated according to Folk and Ward (1957) 
[18]. Sediment type was determined according to Folk’s 
classification [19]. Gravimetrical methods were used to 
determine OM and CA contents [20, 21].  

 
 
 

 
FIGURE 1 - Location of sampling area (Priježba Cove, 42°47’32,08’’N; 17°44’27,53’’E marked by the arrow) 
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Organic carbon and total nitrogen content were de-
termined using CHNS-O analyzer (EA 1110, CE instru-
ments). Before the analyses, freeze-dried sediment sam-
ples were grounded and prepared according to Ujiié et al. 
(2001) [22] by acidification of the sediments with HCl to 
remove carbonates.  

The contents of TP and IP in sediments were esti-
mated according to Aspila et al. (1976) [23], while certi-
fied reference sediments PACS-2 (Canadian Institute for 
National Measurement Standards NRC-CNRC), and BCR-
684 (European Commission Community Bureau) were used 
for method evaluation. 

 
2.3 Statistical analysis 

Non-parametric Spearman rank order correlations were 
used to assess the relationships between granulometric, 
chemical and physical parameters. The significance of dif-
ferences in those parameters was tested via non-parametric 
Kruskal-Wallis test (K-W), followed by the post hoc Dunn’s 
Multiple Comparison test to compare individual pairs of 
sites. The analysis were performed using the statistical 
package StatSoft Inc. (2000) STATISTICA (http//www. 
statsoft.com).  

Analysis of similarities (ANOSIM), hierarchical clus-
ter analysis (CLA) and multi dimensional scaling (MDS) 
ordination were used to illustrate relationships between 
the variables at different sites in the layer of 0-3 cm depth. 
To reveal similarities between sites, the Euclidian dis-
tance was computed on standardised and log (x+1) trans-
formed data matrix for the following parameters: So, 
gravel, sand, silt, clay, OM, N-TOT, C-ORG, IP, TP and 
EH. The log transformation was used to meet the assump-
tion of normality and down-weight the extreme observa-
tions. To show the contribution of granulometric and chemi-
cal variables to the dissimilarities among the sampling sites, 
similarity percentages analysis (SIMPER) was performed 
on the standardised and log-transformed data matrix, with 
the cut-off for the low contribution fixed at 90%. This 
analysis identified parameters that were principally re- 

sponsible for the sample grouping in the ordination analy-
sis. The above mentioned analyses were performed using 
the statistical package Primer 5 (version 5.2.9) [24].  

 
 
3 RESULTS AND DISCUSSION 

The coarse fractions had the highest percentages in 
sediments of all sites, in relation to negligible portions of 
fine sized grains (Table 1). The vertical distribution of all 
granulometric fractions (gravel, sand, silt and clay) in 
sediment cores at the investigated sites are in detail pre-
sented in Fig. 2.  

Gravel content ranged from 5 to 90% at A-REF and B 
sites, respectively. Average values were from 11 to 22% 
for all sites except for site A with an average gravel con-
tent of 49%. Wider ranges at sites A and B, in comparison 
to other sites, could be explained by the highest gravel 
content in the surface sediment layer at site B (0-1 cm), 
and in deeper sediment at site A (9-10 cm depth) (Fig. 2, 
Table 1). Kruskal-Wallis test (K-W test) of differences in 
vertical distribution of gravel was significant between site 
A and A-REF; A and B sites (p<0.001), as well as be-
tween A and B-REF but at lower significant level (p< 
0.05).  

Sand was the dominant particle size with average 
values from 50 to 88% for all sites, with the lowest aver-
age at site A (Table 1). Wider ranges at A and B sites are 
consequence of vertical distribution of sand in sediment 
cores at site A that is inversely to gravel content (higher 
sand content in surface layer) and at site B where higher 
portions of sand were in deeper sediment layers (Fig. 2, 
Table 1). However, those differences were not significant 
(K-W test p>0.05), due to high vertical variability within 
the station. The only statistically significant difference 
was found between sites A and A-REF (K-W test 
p<0.001). Similar ranges and averages of sand content at 
referential sites were result of relatively equal distribution 
of sand particles along the cores (K-W tests; p>0.05).  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 2 - Vertical distribution of granulometric fractions (gravel, sand, silt and clay) in the sediment cores at five investigated stations in 
Priježba Cove 
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TABLE 1 - Investigated parameters presented as average value ± standard deviation and ranges in the sediments at five investigated stations 
in Priježba Cove (granulometric composition, CA, OM, C-ORG, N-TOT, TP, EH, the ratios of C-ORG/TP and C-ORG/N-TOT determined in 
sediments) 

Station 
 

Parameter 
A A-REF B B-REF REF 

Gravel (%) 48.5±18.9 
13.8-80.0 

11.3±5.5 
4.5-18.2 

17.4 ±23.5 
6.5-90.0 

14.9 ±6.1 
5.8-25.6 

22.1±7.1 
12.4-32.4 

Sand (%) 49.6±18.6 
19.0-83.2 

87.5± 5.4 
80.8-94.5 

73.6 ±20.7 
9.0-83.2 

75.8± 5.8 
65.4-82.2 

77.2±7.0 
67.2-86.6 

Silt (%) 0.74± 0.58 
0.1-2.1 

0.6± 0.2 
0.5-1.0 

3.6 ±1.4 
0.2-5.1 

3.7± 0.9 
2.5-5.0 

0.3 ±0.1 
0.1-0.4 

Clay (%) 1.2±0.8 
0.4-2.9 

0.6±0.2. 
0.5-1.0 

5.4±2.0 
0.8-7.9 

5.6±1.4 
4.0-8.0 

0.4±0.2 
0.1-0.7 

Mean size (µm) 2362±1278 
870-5098 

822±186 
660-1097 

1682±3710 
467-13454 

451±123 
274-675 

1081±222 
793-1464 

Sorting 1.8±0.3 
1.3-2.6 

1.1±0.1 
1.0-1.3 

1.7±0.2 
1.5-1.9 

1.8±0.3 
1.4-2.2 

1.5±0.3 
1.1-1.8 

Skewness -0.05±0.15 
-0.32-0.2 

0±0.04 
-0.06-0.05 

0.2±0.24 
-0.01-0.86 

-0.32±0.1 
-0.45-(-0.16) 

-0.2±0.1 
-0.32-(-0.07) 

Kurtosis 1.4±0.4 
1-2.6 

1.0±0.1 
1-1.1 

0.9±0.3 
0.6-1.5 

1.2±0.5 
0.9-2.3 

1.3±0.2 
1-1.4 

Carbonates (%) 89±6 
81-96 

89±2 
85-91 

88±5 
76-96 

77±5 
71-82 

88±13 
61-98 

Organic matter (%) 4.0±2.5 
1.2-9.1 

2.0±0.1 
1.8-2.1 

3.4±1.0 
2.7-6.6 

13.6±10.5 
5.0-32.8 

1.6±0.32 
1.3-2.3 

C-ORG (%) 4.21±1.65 
1.36-6.38 

0.79±0.35 
0.45-1.38 

1.26±1.19 
0.47-4.87 

2.93±1.48 
1.74-5.35 

0.88±0.18 
0.63-1.18 

N-TOT (%) 0.49±0.17 
0.24-0.77 

0.21±0.02 
0.18-0.23 

0.12±0.10 
0.05-0.42 

0.23±0.13 
0.11-0.48 

0.13±0.03 
0.08-0.17 

TP (%) 0.038±0.005 
0.005-0.044 

0.023±0.001 
0.022-0.024 

0.045±0.026 
0.031-0.097 

0.033±0.007 
0.027-0.040 

0.022±0.001 
0.020-0.022 

Eh (mV) -222±115 
-276-85 

15±80 
-130-93 

-72±73 
-115-85 

40±44 
40-83 

130±44 
73-180 

C-ORG/N-TOT  9.5±1.9 
5.7-11.9 

4.4±1.5 
2.9-6.9 

12.1±1.9 
7.4-16.7 

16.5±5.8 
7.3-22.5 

8.4±1.7 
6.1-10.5 

C-ORG/TP 355±89 
274-449 

107±41 
81-155 

116±22 
90-130 

327 ±121 
217-457 

94±11 
81-102 

 
 
 
Fine grained particles content (silt and clay) ranged 

from 0.1 to 5.1% for silt and 0.1 to 8.0% for clay (Fig. 2) 
with highest content in sediments at B and B-REF sites, 
respectively. The highest difference in vertical distribu-
tion among sites was found between B and REF site as 
well as between B-REF and REF (K-W test p<0.001). 

Vertical distribution of sediment particles along the 
cores of investigated sites showed highest variability in 
surface layers at sites A and B invaded with C. racemosa 
related to the reference sites. This indicates significant 
changes in environmental conditions during the sedimen-
tation especially between site A and other sites. The main 
difference was in prevailing of gravel particles that can be 
explained as a consequence of C. racemosa’s ability to 
trap sediment particles during its high vegetative growth. 
Previous studies of C. racemosa also show higher coarse 
grained particle content in sediments trapped inside the 
canopy [2, 12, 16]. However, the granulometric composi-
tion of sediments below the canopy is not reported at all. 
Detailed examinations of particle trapping rates among 
the all Caulerpa species show for C. racemosa the largest 
particle retention capacity per surface area structure [13].  

The content of gravel particles in sediments at inves-
tigated Priježba Cove area is mostly result of coastal weath-
ering and its transportation process in the deeper area. This 
could be an explanation for the high level of gravel content 
in sediment surface layer at site B. On the other hand at 
site A, C. racemosa was surrounded by P. oceanica meadow 
that reduced input of those particles in the sediment. 

According to Folk’s classification [19], prevalent sed-
iment type at investigated sites was gravelly sand (in 20 
subsamples), followed with sandy gravel (12 subsamples) 
and gravelly muddy sand (11 subsamples), while slightly 
gravelly sand and gravel were determined only once.  

Mean grain size (Mz) ranged from medium sand (270 
µm at B-REF station) to pebble (13454 µm in 0-1 cm in-
terval at B station) with average value of very coarse sand 
(1503.8±2084.2 µm) (Table 1).  

Statistically significant correlation was established 
between Mz, gravel and sand content (Table 2), that is 
due to prevailing coarse grained particles in sediments at 
investigated sites.  
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TABLE 2 - Spearman rank order correlation between granulometric parameters (mean size, Mz; sorting, So; skewness, Sk; kurtosis, Kg), 
granulometric composition (gravel, sand, silt and clay), carbonate (CA), organic matter (OM), total nitrogen (N-TOT), organic carbon (C-
ORG) and total phosphorus (TP) content in sediment samples (N=46) (Correlations printed in bold are significant at p<0.05) 

 Mz So Sk Kg Gravel Sand Silt Clay OM CA N-TOT C-ORG 
So 0.29            
Sk 0.56 -0.02           
Kg -0.29 0.50 -0.39          
Gravel 0.87 0.48 0.39 0.00         
Sand -0.85 -0.56 -0.34 -0.02 -0.98        
Silt -0.31 0.29 -0.31 0.16 -0.33 0.13       
Clay -0.27 0.29 -0.27 0.10 -0.31 0.12 0.99      
OM -0.06 0.45 -0.36 0.57 -0.02 -0.13 0.72 0.70     
CA 0.11 -0.17 0.40 -0.31 0.17 -0.02 -0.76 -0.72 -0.87    
N-TOT 0.22 0.01 0.24 0.20 0.36 -0.37 -0.05 -0.03 0.28 -0.15   
C-ORG 0.28 0.25 0.14 0.15 0.37 -0.46 0.31 0.35 0.54 -0.42 0.89  
TP 0.91 0.43 0.66 -0.16 0.82 -0.86 -0.03 0.01 0.15 -0.05 0.41 0.53 

 
 
 
Sediment was mainly poorly sorted (sorting range: 

1.0-2.6), with exceptions in subsamples at site A (3-4 cm 
and 8-9 cm) and at B-REF (0-1 cm) where sediment sort-
ing (So) was very poorly (>2) (K-W test: between A and 
A-REF p<0.001; B and A-REF, B-REF and A-REF p<0.01). 
On the other hand, the highest values of So were in sedi-
ments with prevailing sand particles that was in accor-
dance to significant correlation between So and sand con-
tent in sediments (r=-0.56; Table 2). Low So values indi-
cate different origin (terrigenous and biogenic) of settled 
particles in investigated sediments of Pelješac Peninsula 
[25]. Recent investigations of the sediments below the 
seagrass meadows on the west coast of Sardinia also indi-
cated to poor sorted sediment [26]. Curve skewness (Sk) 
in investigated sediments ranged from -0.45 to 0.86 at B-
REF and B station, respectively (Table 1). Negative val-
ues indicated the existence of fine grains in investigated 
sediment sample. Kurtosis (Kg) was in the range from very 
platykurtic (0.58 at site B) to very leptokurtic (2.56 at site 
A) with dominating leptokurtic and mesokurtic curves. 

Carbonate content (CA) in sediments varied between 
61 and 98% at A and REF stations, respectively, without 
clear vertical pattern (Fig. 3, Table 1). Relatively low CA 
ranges are obvious for all sites except for REF, where the 

widest range was result of highest CA variability along 
the sediment core (Fig. 3). The lowest CA average was at 
B-REF site and statistically significant differences were 
found among B-REF site and other sites (KW p<0.05). 
CA content >60% were also determined in sediments at 
shallower coastal stations along the east Adriatic coast [21, 
27]. Carbonate content in sediments at north-west part of 
the Priježba Cove reported here, were due to geological 
origin of sediment that was partly derived from weather-
ing of Cretaceous and Eocene carbonate rocks [25], and 
partly from remains of skeletal parts or fragments of or-
ganisms mostly abundant in a coarse-grained fraction. Nega-
tive correlations between CA and fine grained particles were 
obtained, while the absence of correlation between CA and 
coarse sized grains was found (Table 1). That indicates the 
presence of noncarbonated particles in coarser granu-
lometric fraction and is in accordance with previously 
reported data for the middle Adriatic [27]. According to 
investigations of sediment collected inside the P. oce-
anica meadows in different Mediterranean sites biogenic 
carbonates were associated with sand fraction [28]. 

The organic matter content (OM) ranged from 1.2 to 
32.8% at A and B-REF sites, respectively (Fig. 3, Table 1). 
Lower averages at A, A-REF, B and REF sites (1.6 - 4.0%)  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 3 - Vertical distribution of carbonate (CA), organic matter (OM), organic carbon (C-ORG) and total nitrogen (N-TOT) con-
tent in sediments at five investigated sites in Priježba Cove  
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are in the range of OM reported for the middle Adriatic 
sediments [27]. Highest OM average (13.6±10.5%) and 
maximum at B-REF site were due to seagrass remains 
observed in surface sediment layers (≤4 cm). This finding 
is consistent with results of Como et al. (2007) [29], who 
also explain sediment enrichment with organic matter and 
organic carbon by persistence of seagrass leaf litter. Sig-
nificant correlation was obtained between OM and fine-
grained particles such as silt and clay (Table 2). Similar 
result is reported for fine-grained sediments at the Middle 
Adriatic [27].  

Organic carbon content (C-ORG) in sediments ranged 
between 0.45 and 6.38% at sites A-REF and A, respec-
tively (Figure 3, Table 1). Elevated C-ORG content at 
invaded sites and site B-REF was particularly identified in 
surface sediment layer (≤4 cm), similar to OM (Fig. 3). 
Significant differences in vertical distribution were found 
at site A in reference to sites A-REF, B and REF (K-W: 
p<0.01). C-ORG values in sediments at those three sta-
tions are in accordance with data reported for the middle 
Adriatic off-shore sediments (0.3-1.8%) [27, 30, 31]. Wide 
range of C-ORG, as we found at sites A, B and B-REF, was 
also determined in the middle and north Adriatic sediments 
(0.5-10.1%) but in the anthropogenic influenced coastal 
areas where increased input of organic matter to water 
column was detected [32]. According to Holmer et al. (2009) 
[17] similar organic enrichment was found in Mallorca, 
Spain where C-ORG content in sediments with Caulerpa 
species was up to 11 times higher than at sites unaffacted 
of the algae. 

Total nitrogen content (N-TOT) varied from 0.05 to 
0.77% (at invaded sites A and B) with highest average 
value and variability at same site as for C-ORG content 
(site A). N-TOT values at five investigated sites in Pri-
ježba Cove reported in this paper were higher than values 
found in the middle Adriatic sediments (0.02-0.15%) but 
were more similar to values in the sediments of eutrophi-
cated coastal area [32]. Increased values of C-ORG and 
N-TOT contents at sites invaded by C. racemosa (A, B) 

and station B-REF could be assigned to high quantity of 
Posidonia oceanica leaves found in the sample.  

Total phosphorus content (TP) in sediments ranged 
between 0.005 and 0.097%, while higher average values 
were found at A and B related to other sites (Fig. 4, Table 1). 
Differences in vertical distribution were obtained between 
site B vs. A-REF and REF sites (K-W test: p<0.05). De-
termined TP contents are generally lower than the average 
phosphorus content of 0.041±0.013 found in the middle 
Adriatic sediments [33]. However, our findings are in ac-
cordance with TP ranges obtained in sediments beneath the 
meadows of green macroalgae Ulva and Enteromorpha in 
Spain [34]. The highest TP content found in surface layer 
at site B is within the range previously determined in the 
Adriatic marine environments of higher trophic status, as 
well as in the fine-sized sediments of the open sea [33].  

Inorganic and organic phosphorus (IP and OP) con-
tent in investigated samples was also determined and their 
concentrations in surface sediment layer (0-1 cm), as well 
as their portions in total phosphorus are shown in Figure 4. 
Calculated IP portion in TP in sediments, ranged from 54 
to 99% at site B and control sandy REF site, respectively. 
According to previous investigations in the middle Adri-
atic Sea area the similar range of IP portion is estimated 
in sandy sediments [33]. Higher OP portion at sites af-
fected with Caulerpa racemosa and at Posidonia oceanica 
meadows can be result of the organic material trapped 
inside the canopy or from seagrass leaves. The content of 
TP in P. oceanica leaves was estimated at 0.06-0.19% 
[35], or in some green algae leaves at up to 10 times higher 
values than was recorded in the sediment [34]. High TP 
content in the surface layer, at sites A and B-REF and 
especially at site B in Priježba Cove, was also in accor-
dance with elevated C-ORG, N-TOT and OM contents in 
the same samples (Fig. 3 and 4, Table 1). Additionally, 
statistical analysis showed significant positive correlation 
between TP and gravel content (r=0.82) that is in discrep-
ancy with previously reported correlations among TP and 
fine-sized particles in middle Adriatic sediments [33]. The  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4 - Vertical distribution of total phosphorus content (TP) in the sediment cores (a), concentrations of inorganic and organic 
phosphorus (IP and OP) in the surface sediment layer of (0-1 cm) (b), and their portions in TP at five investigated sites in Priježba 
Cove (c) 
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lack of correlations between TP and fine-sized particles 
during our investigation could be caused by the coarser 
material captured in the canopy of C. racemosa that domi-
nated in the surface sediment layer at invaded sites. 

Redox potential (EH) in the investigated sediments 
ranged between -276 and 180 mV with more negative 
values at infected sites A and B (Fig. 5, Table 1). Mini-
mum EH in these sediments is among the lowest EH re-
corded for the middle Adriatic Sea area, including the 
sediments under the fish farm cages [32]. Extremely nega-
tive potential indicates high concentrations of sulphide ions 
(S2-) as well as degradation of organic matter in the absence 
of oxygen [36]. As reported by Holmer et al. (2009) [17], 
the presence of Caulerpa species in P. oceanica meadows 
also coincided with enhanced sulfate reduction rates and 
increased pools of sulfides in the sediments. The main 
distinction in EH vertical profiles among the investigated 
sites in Priježba Cove was depth of redox-cline. At sites 
invaded with Caulerpa racemosa (site A and B), redox-cline 
was established in the surface sediment layer (0.5-1 cm), 
while at other investigated sites positive EH was up to 3 cm 
sediment depth or along the whole sediment core (Fig 5). 
Statistical analysis showed significant difference in verti-
cal distribution only between site A vs. B-REF and REF 
site (K-W: p<0.05, p<0.01, respectively).  

 
FIGURE 5 - Vertical profiles of redox potential in sediments at five 
investigated sites in Priježba Cove 

 
Molar ratios of organic carbon, total phosphorus and 

total nitrogen (C-ORG/TP and C-ORG/N-TOT) were also 
calculated in order to investigate potential impact of the 
Caulerpa racemosa on the origin of organic matter in the 
sediments. The atomic ratios of C-ORG/N-TOT in sedi-
ments at all investigated stations ranged from 2.9 to 22.5 
at A-REF and B sites, respectively (Table 1).  

Average ratio was higher at invaded sites A and B 
and at B-REF, which was similar to C-ORG content dis-
tribution (Table 1). Vertical variability of this parameter 
at invaded site A and referent stations A-REF and REF is 
shown in Figure 6. According to Stein (1991) [37], Vil-

lares and Carballeira (2003) [34], the value of C-ORG/N-
TOT ratio >10 indicates to the origin of organic matter 
from the marine seagrasses. Higher C-ORG/N-TOT ratios 
found at invaded sites are probably consequence of sea-
grasses remains captured by the canopies of C. racemosa, 
or seagrass debris found in sediment core at B-REF.  

Organic carbon and total phosphorus ratio (C-ORG/TP) 
in investigated sediment samples ranged from 81 to 457. 
High values were recorded at sites A and B-REF (Fig. 5, 
Table 1). According to Algeo and Ingall (2007) [38], the 
ratio of C-ORG/P in marine sediments is strongly influ-
enced by benthic redox conditions, since oxygen exhaus-
tion enhances preservation of organic carbon and diffu-
sive loss of remineralized phosphorus. Furthermore, the 
ratio of C-ORG/TP higher than 200 indicates the reminer-
alization process of phosphorus forms (that implicates 
anoxic conditions), or elevated input of organic carbon 
into the sediments [38]. This association between sedi-
mentary C-ORG/TP and redox state of investigated sedi-
ments was particularly evident at site A through decreased 
EH with depth that indicates the anoxic pathways of deg-
radation of organic material accumulated below the can-
opy [38, 39]. In contrast to the invaded site A, measured 
values of EH at control sites (A-REF and REF) were al-
most constantly positive (Fig. 5 and 6). On the other hand, 
the relationship between the above referred parameters at 
sites B and B-REF were less pronounced, which were 
most likely influenced by the extremely high values of TP 
and C-ORG in the surface sediment layer (Fig. 3 and 4).  

In order to clearly demonstrate the relationships be-
tween the granulometric, chemical and physical variables 
and reveal the similarities between the investigated sites, 
analysis of similarities (ANOSIM), hierarchical cluster 
analysis (CLA) and multi dimensional scaling (MDS) ordi-
nation methods were applied. Following parameters were 
included in those analyses: sorting, gravel, sand, silt, clay, 
organic matter, total nitrogen, organic carbon, inorganic 
and total phosphorus and redox potential. However, due 
to the particular importance of surface sediment in proc-
esses of accumulation and degradation of organic matter 
in sediments [33], we reduced the data matrix to the sur-
face sediment samples of 0-3 cm depth. 

Two-way nested ANOSIM test confirmed significant 
differences between the samples at investigated sites 
(Global R=0.607; p=0.001). The separation of the three 
main groups and further distinction of the subgroups was 
confirmed by the hierarchical cluster dendrogram (Fig. 7). 
Within the first group, the highest similarity was estab-
lished between control sites (REF, A-REF and B-REF) 
including 2-3 cm of sediment core at invaded site B. The 
second group comprised of the surface sediment (0-1 cm) 
at site B and surface sediment of 0-2 cm at site A. The 
sediment layer of 2-3 cm at invaded station A was clus-
tered separately in the third group (Fig. 7).   

Similarity percentages analysis (SIMPER) identified 
gravel and sand contents, total phosphorus and redox po- 
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FIGURE 6 - Vertical profiles of the ratios of organic carbon and total nitrogen (C-ORG/N-TOT), organic carbon and total phosphorus (C-
ORG/ TP) and redox potential (EH) in sediment core at sites A, A-REF and REF in Priježba Cove 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 7 - Dendrogram of the sampling layers (denoted by Roman numerals) at five sites in the Priježba Cove, using group average clus-
tering from Euclidian distance similarity on standardised and log transformed data matrix of selected granulometric, physical and chemical 
variables (I, 0-1 cm; II, 1-2 cm; III, 2-3 cm) 
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FIGURE 8 - MDS ordination of the sampling layers (denoted by Roman numerals) with selected granulometric, chemical and physical pa-
rameters represented as superimposed bubbles increasing in size with increasing content of gravel, sand, OM, C-ORG, TP contents and 
redox potential values at five sites in Priježba Cove based on standardised and log transformed Euclidian distance similarity matrix (I, 0-1 
cm; II, 1-2 cm; III, 2-3 cm) 

 
 
 

tential among the key parameters regardless of the sam-
pling site. Average similarity within the sites was always 
higher at the referent sites in comparison to invaded ones. 
Cross comparison of the investigated parameters revealed 
further spatial distinction in the characteristics of sedi-
ments. The lowest dissimilarity of 4.79% was found be-
tween sites A-REF and REF. The analysis identified gravel 
and sand content, TP, IP and OM as the top five parameters 
contributing to the observed differences accounting for 
73.71% of the total. On the other hand, the highest dis-
similarity of 40.36% was recorded between sites A and 
REF (Fig. 8). The five most responsible parameters for 
such separation were EH, TP, C-ORG, OM and sand con-
tent (64.72%). Therefore we have chosen these three sites 
for detailed analysis of the origin of organic matter as 
shown in Fig.5. 
 

Similarity among the sampling layers at five investi-
gated sites are illustrated in the MDS ordination diagram 
derived from the Euclidian distance similarities matrix 
based on standardized and log (X+1) transformed selected 
parameters (Fig. 8). Concerning the granulometric com-
position of sediment, gravel content contributes to dissimi-
larity between sites due to its increased content at site B (0-
1 cm), site A (2-3 cm) related to sediment layers at other 
investigated sites. Low sand content in the surface sedi-
ment layer (0-1 cm) at site B distinguishes this sample 
compared to others. Clay and organic matter content are 
higher in sediments of referential sites, while the total phos-
phorus is more represented at sites invaded with Caulerpa 
racemosa. The C-ORG content strongly contributes to dis-
tinction of sediment layers between invaded and control 
sites, as well as within each investigated site. Redox poten-
tial was more negative at site A and in surface layer at site 
B related to positive values at referential sites.  
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4 CONCLUSIONS 

Variability of biogeochemical parameters along the 
sediment cores was highest in surface layer at sites invaded 
with C. racemosa related to unaffected sites that indicates 
changes in environmental conditions during the sedimen-
tation.  

Prevailing coarse grains in surface sediments at in-
vaded sites can be attributed to high Caulerpa’s retention 
capacity to trap sediment particles as well as to coastal 
weathering and transporting process.  

Organic carbon, total nitrogen and phosphorus content 
were elevated in the surface sediment layer at invaded sites 
related to control. C-ORG/N-TOT and C-ORG/TP ratios as 
well as negative redox potential at invaded sites indicated 
the origin of organic matter from marine seagrasses 
captured by the canopies and its degradation under hypoxic 
and anoxic conditions. 

Statistical analyses emphasized the differences be-
tween invaded and control sites and indicated gravel and 
sand contents, total phosphorus and sediment redox-potential 
as the key parameters contributing to the presented differ-
ences. 
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