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ABSTRACT: The influence of Spartina alterniflora detritus on exchange of nitrate + nitrite, ammonia, 
and phosphate between sediment and water was studied after burial of plant litter in a muddy 
intertidal sediment in Cobequid Bay, Bay of Fundy. The enriched area in general showed higher flux 
rates than the control area. Dissolved inorganic nitrogen (DIN) flux was dominated by ammonium. 
Ammonium was normally only released from the sediment and maximum release rates were 300 and 
180 pm01 NH:-N m-2 h-' in the enriched and control plot, respectively. In contrast, both uptake and 
release of nitrate + nitrite by the sediment was found; maximum uptake rates were 43 and 25 and 
release rates 98 and 51 pm01 NO;+NO;-N m-2 h- '  in the enriched and control plot, respectively. Very 
low phosphate fluxes were observed in both plots. Initial C/N and C/P ratios of the Spartina material 
were 24 : 1 and 117 : 1, respectively. The C/N ratio showed a n  initial decrease followed by a slow 
increase. The C/P ratio showed the opposite pattern. Only 8.8 % of the N and 2.7 % of the P initially 
added to the sediment remained after 4 mo decomposition as Spartina material (> 1 mm). The loss of N 
and P was larger than the cumulated release of DIN and DIP to the overlying water; thus 33 % of the N 
and 72 % of the P lost from the particulate detritus was retained in the sediment or lost in other ways. 
Flux rates of nitrate and ammonium in the enriched area were the only variables correlated. Exchange 
rates of nutrients were not correlated with in situ temperature. However, laboratory incubations at 7.5 
and 17.5 "C showed Qlo-values of up to 10, indicating that short term changes of temperature in the 
field, e.g.  die1 variation, may be significant. The nutrient concentration of the water was low during the 
summer period and increasing during the fall. 

INTRODUCTION 

Many estuaries with extensive intertidal areas have 
a significant input of plant detritus from macrophytes. 
On the North American east coast salt-marshes domi- 
nated by Spartina alterniflora Loisel are especially 
important as detritus producers. Thus, Gordon et al. 
(1985) found that the primary production of S. alterni- 
flora on low salt marshes may constitute 29 % of total 
primary production in the upper reaches of the Bay of 
Fundy. Observations in the Bay of Fundy have shown 
that detritus originating from Spartina may be buried 
in the sediment at the location of growth or may be 
transported from the salt marshes by tidal currents and 
deposited elsewhere (Roberts 1982, Hargrave et al. 
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1983, Schwinghamer et  al. 1983). In a study on epiben- 
thic algal production and benthic respiration on inter- 
tidal mudflats in the Bay of Fundy, Hargrave et al. 
(1983) found a negative net production indicating an  
import of organic matter which may be supplied by 
Spartina detritus. 

Andersen & Hargrave (1984) and Kepkay & An- 
dersen (1985) studied the effects of Spartina detritus 
enrichment on the aerobidanaerobic benthic metabol- 
ism in sediments from the Bay of Fundy. Both studies 
showed increased metabolic rates as a result of detritus 
enrichment. Anaerobic processes predominated in the 
decomposition of the detritus and a zone with low 
redox potential developed around the detritus buried 
in the sediment. 

The purpose of the present work was to study the 
regeneration of nutrients from sediments enriched 
with Spartina altemiflora detritus. The regeneration of 
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nutrients and fluxes of gases at the sediment-water 
interface has often been compared to the typical ele- 
mental composition of organic matter mainly originat- 
ing from phytoplankton in the sea as described by 
Redfield (1934) (Nixon et al. 1976, Boynton et al. 1982, 
Florek & Rowe 1983). However, detritus derived from 
macrophytes may have a different elemental composi- 
tion to planktonic detritus, which may influence the 
regeneration processes. 

Non-living Spartina material was experimentally 
buried in an intertidal sediment in Cobequid Bay, Bay 
of Fundy. Fluxes of nitrate + nitrite, ammonium and 
phosphate in the enriched area were compared to 
those in an  unenriched area. The variation of nutrient 
concentrations in the water at the study site was moni- 
tored and the importance of sediment nutrient regener- 
ation on the concentration in the water column is 
considered. This study was carried out together with 
the study on benthic metabolism by Andersen & Har- 
grave (1984). 

MATERIALS AND METHODS 

The study was carried out in an intertidal area 
located at  Anthony Park on the southern shore of Cobe- 
quid Bay in the upper end of Bay of Fundy, Nova 
Scotia. Cobequid Bay has a large tidal range with a 
mean of 11.7 m near Anthony Park (Dalrymple et al. 
1975). Intertidal sediments comprise 58.7 % of the total 
area in Cobequid Bay (Prouse et al. unpubl.). The 
experimental site was flooded for about 4 h during 
each tidal cycle. For a further description of the study 
area see Hargrave (1978) and Hargrave et al. (1983). 
The experimental site in this study corresponds to 
Station 2 described in Hargrave (1978). 

Above-ground living biomass of Spartina alterni- 
flora was harvested on July 28, 1982 and gently rinsed 
with cold tap water. The plant material was cut into 
1.5 cm pieces (to make later core-sampling possible) 
and dried at 60 "C for 1 d,  and 400 g m-2 was buried on 
August 9, 1982, in the intertidal mudflat sediment just 
outside the lower edge of the Spartina zone. The upper 
1.5 cm sediment was scraped away from a 1.5 m2 area, 
the Spartina material uniformly distributed in the plot 
(+Sp),  and finally the sediment replaced. Another 1.5 
mZ area acting as a control (-Sp) was treated in a 
similar way except that no Spartina was buried. 

Plexiglass cores of undisturbed sediment with a 
diameter of 5.7 cm and a length of 11.5 cm were 
collected at intervals and brought to the laboratory (1 h 
transport time). Measurements of fluxes across the sedi- 
ment surface were carried out in the laboratory after 
careful replacement of the overlying water. The 
replacement water was filtered (Whatman GF/C) air- 

saturated sea water sampled simultaneously with the 
cores. At least 3 cores were taken from each area. All 
cores were closed with a plexiglass lid and sealed with 
silicon grease. A rotating magnetic bar attached to the 
underside of each lid slowly mixed the water during 
the incubation. The incubations were carried out at 
controlled temperatures close to those in the field at 
the time of sampling. Sediment temperature was deter- 
mined with a shaded thermometer (precision 0.1 C"), 
inserted to 1 cm depth between 1000 h and 1300h on 
collection of cores when the mudflat was emerged. 

Fluxes of nutrients were determined by measuring 
the concentrations in the water above the sediment in 
the cores at the beginning and end of a dark incubation 
period. Initial experiments showed that flux rates were 
constant during the applied short term incubations. 
Incubation times varied between 30min and 5 h 
depending on temperature and oxygen uptake rate. 
Oxygen concentration did not fall below 80 % of sat- 
uration. Concentrations of ammonium, nitrite, nitrate 
and phosphate were measured on a Technicon Auto 
Analyser I1 according to the manual. 

The sediment in cores from (SSp) was sieved 
through a 1 mm sieve after the flux measurements and 
recognizable Spartina fragments above this size were 
recovered. The plant material was gently rinsed in 
deionized water and dried at 60 "C for 1 d. Organic 
carbon and nitrogen were determined on acidified 
( I N  HCI) subsamples with a Perkin-Elmer 240 Ele- 
mental CHN Analyser. 

Total phosphorus was measured as phosphate after 
combustion of subsamples (550 "C for 1 d) followed by 
dissolution of the phosphate contained in the ash in 
boiling I N  HCl (Andersen 1976). 

RESULTS 

Nutrient concentrations 

The nitrate concentration in water covering the sedi- 
ment at Anthony Park was low (0 to 4.9 pnol 1- l )  

during late summer and showed the same mean as 
reported from another locality in the Bay of Fundy, 
Kingsport Marsh, for the period May through July 
(Walker et al. 1981) (Fig. 1). During late fall the nitrate 
concentration increased to 10 pm01 1- l .  The nitrite 
concentration was very low (< 0.5 pm01 I-') during the 
whole investigation period. Both ammonium and phos- 
phate (Fig. 1) showed a pattern similar to nitrate with 
increasing concentrations from October. The ratio 
(atomic proportions) between dissolved inorganic ni- 
trogen (DIN) and dissolved inorganic phosphorus (DIP) 
in the water varied from 2 to 35 with an average of 14.7 
(SD = 8.5; n = 11). 
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Fig. 1. Variation of sediment temperature and water concen- 
tration of nitrate, nitrite, ammonium and phosphate at  
Anthony Park. Aug to Dec 1982. Points and vertical lines on 
nitrate and phosphate figures indicate mean and range. 
respectively, of summer concentrations reported from Kings- 
port Marsh (Walker e t  al. 1981). Asterisks indicate mean 
values for Aug 1977 to 1980 from Cobequid Bay (P. D. Keizer 

pers. comm.) 

Sediment-water exchange of nutrients 

Fig. 2 shows the combined flux of nitrate and nitrite. 
The contribution of nitrite was less than 6.4 % of the 
combined flux; for simplicity the flux of nitrate + 
nitrite will therefore be referred to as nitrate flux. Both 
uptake and release of nitrate from the sediment was 
observed. In late September to early October release of 
nitrate from the sediment was measured, whereas 
uptake was recorded during the rest of the period. The 
changes of flux rates over time were almost identical in 
the enriched and control plots. However, flux rates 
were usually higher in the enriched plot and apart 
from 1 measurement there was a net uptake of nitrate 
due to the Spartina calculated as (+Sp) minus (-Sp). 

In contrast to nitrate, ammonium was in general 
released from the sediment (Fig. 3). The flux rates for 

A 

Fig. 2. Flux rates of nitrate + nitrite in the control plot (-Sp) 
and in the Spartina enriched plot (+Sp)  at  in  situ temperature 
and the calculated difference (+Sp)  minus (-Sp). Positive 
values indicate release from sediment, negative values indi- 
cate uptake. Mean values + I SE. Arrow: date of burial of 
Spartina material. Point and vertical line in Oct indicates 
mean value t l SE measured on undisturbed mudflat sedi- 

ment 

ammonium usually were higher than those found for 
nitrate. In spite of large variation, a decreasing trend 
was apparent for the release of ammonium in the 
( -  Sp) plot; however, there was no correlation between 
ammonium flux and in  situ sediment temperature in 
the (-Sp) plot. The temperature (Fig. 1) was relatively 
constant at about 20 "C until late September, after 
which it decreased. The (+Sp) plot showed low 
ammonium flux rates during the first month after 
burial of Spartina detritus, but thereafter higher flux 
rates were found. The net flux of ammonium due to the 
burial of Spartina (calculated as (+ Sp) minus ( -  Sp)) 
was negative immediately after the burial. From mid- 
August to the beginning of October, however, it 
showed an almost linear positive increase after which 
it decreased again. 
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Fig. 3. Flux rates of ammonium at in situ temperature. See 
Fig. 2 for explanations 

The phosphate flux (Fig. 4) was in general very low, 
except for an initial release of phosphate from the 
sediment in the enriched area. Cumulated fluxes of 
DIN and DIP over the 4 mo investigation period are 
calculated in Table 1.  There was a net release of both 
DIN (3.63 g N m-2) and DIP (0.334 g P m-2) due to the 
burial of Spartina detritus. 

A correlation analysis of the flux rates of the nu- 
trients showed that, except for nitrate and ammonium 
in the (+Sp)  area (P < 0.05), none of the variables were 
correlated. Furthermore, nutrient flux rates were not 
correlated with the oxygen uptake or carbon dioxide 
release described by Andersen & Hargrave (1984). 

Temperature effects of exchange rates 

The influence of short term changes of temperature 
on the nutrient flux was studied on 3 dates during the 
investigation period (Fig. 5). The cores were first incu- 
bated at 7.5 "C and then at 17.5 "C the following day. 
The effect of the increase in temperature was most 
evident for ammonium and highest in the (+Sp) area 
with up to 10 times higher rates at the higher tempera- 

Fig. 4. Flux rates of phosphate at in situ temperature. See 
Fig. 2 for explanations 

Table 1. Cumulated fluxes of DIN and DIP between sediment 
and overlying water during the period Aug 8 to Dec 11, 1982. 
(+Sp) indicates the detritus enriched plot. (-Sp) the control 
plot and (+Sp) - (-Sp) the calculated net flux due to the 
bunal of Spartina detritus. Calculations are based on mean 
values (n = 3 to 6). Positive figures indicate release from the 

sediment and negative uptake 

(+SP) (-Sp) (+Sp)-(-Sp)  

DIN flux g N m-2 
DIP flux g P m-2 0.185 -0.149 0.334 

ture. The pattern for temperature effect on nitrate flux 
was more complicated. In October the high tempera- 
ture decreased nitrate uptake or caused nitrate release. 
In November and December, on the other hand, the 
high temperature increased the nitrate flux, especially 
increasing uptake in November by up to 4.8 times. The 
phosphate flux in October and December in the (-Sp) 
plot was not significantly influenced by temperature, 
whereas the rest of the phosphate flux measurements 
showed higher rates at the high temperature. 

In contrast to the effects of short term changes of 
temperature the nutrient flux rates were apparently not 
correlated with the in situ temperature. 
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and 17.5 "C (dark columns) on 
3 different dates. Mean values 
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Composition and loss of buried Spartina material 

The carbon and nitrogen percentages in the remain- 
ing Spartina particles in the sediment (Fig. 6) showed 
increases in the first month after burial followed by a 
slow decrease. The initial composition of the Spartina 
material buried was 43.0 % carbon and 1.8 % nitrogen, 
and the values reached after 4 mo decomposition were 
48.1 % carbon and 2.6 % nitrogen, calculated as a 
percentage of ash free dry weight. The resulting C/N 
ratio (Fig. 6) showed an initial drop from 23.9 to 18.0 
and then a slow increasing trend, although the nitro- 
gen figures created some fluctuation in the ratio. The 
phosphorus content exhibited a different pattern from 
carbon and nitrogen, with a rapid initial decrease in 
the phosphorus fraction of the organic matter from 0.37 
to 0.09 % followed by a linear increase to 0.14 % du- 
ring the remaining period (Fig. 6). The C/P ratio 
increased initially from 117 to 509 and then decreased 
linearly to 336 (Fig. 6). 

The relatively constant percentage dry weight com- 
position of the Spartina does not reflect the large 
decrease in total organic content of the detritus over 
time. Andersen & Hargrave (1984) calculated that 

Fig. 6. Variation of carbon, nitrogen and phosphorus content 
in the remaining Spartina material. Mean values are shown. 
Deviations from the mean of duplicates were less than 5 % for 
carbon and l0  % for nitrogen. SD was less than 3 % of the 

mean of phosphorus measurements (n = 4 to 6 )  
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93.9 % of the original particulate carbon (> 1 mm) 
buried was lost over 124 d. The corresponding figures 
for nitrogen and phosphorus were 91.2 and 97.3 %, 
respectively (Table 2). A comparison showed that the 
cumulated loss of particulate nitrogen and phosphorus 
(> 1 mm) over the 4 mo was larger than the cumulated 
release of DIN and DIP from the sediment surface 
(Table 2). 

Table 2. Budget for particulate nitrogen and phosphorus 
(>1 rnm) added to the sediment as  Spartina detritus. Mean 

values are given (n = 6) 

Nitrogen Phosphorus 
(g N m-2) (g P m-2) 

Added to the sediment 5.93 1.22 
Remaining after 4 mo 0.52 0,033 
Loss of part. N or P 5.41 1.19 
Fraction released from sed. ' 0.67 0.28 

Ratio between released DIN or DIP from the sediment 
(data from Table 1) and the loss of particulate N or P from 
the detritus (>1 mm) 

Most of the nitrogen ions released from the sediment 
were in the form of ammonium. This was also found by 
Nixon et al. (1976) in Narragansett Bay and by Henrik- 
sen et al. (1980) in experimental systems. Ammonium 
is produced by mineralization of organic matter and 
usually accumulates in the sediment creating a con- 
centration gradient along which ammonium moves to 
the surface (Fenchel & Blackburn 1979). Accordingly, 
the highest release rates were observed in the enriched 
area (+Sp) ,  with maximum rates of 300 kmol NH\ m 2  
h l ,  whereas the unenriched area (-Sp) showed max- 
imum rates of 180 pmol NH\ m-2 h-I. Kemp et al. 
(1982) report release rates for ammonium from 10 to 
280 pmol m 2  h 1  for 9 aquatic ecosystems. 

Nixon et al. (1976) found a positive correlation 
between DIN flux (dominated by ammonium) and oxy- 
gen uptake. However, in the present study no such 
correlation was found. In a study by Davies (1975) a 
delay of about 1 mo between oxygen consumption and 
ammonium release was observed. This phenomenon 
was clearly observed in the (+Sp)  area where oxygen 
uptake increased rapidly and reached a plateau during 
the first week after burial of the Spartina material 
(Andersen & Hargrave 1984), whereas ammonium 
showed a maximum release 1 mo after the detritus 
burial. The delay in ammonium release may be due to 
a binding to sediment particles of the ammonium ini- 
tially produced (Fenchel & Blackburn 1979, Rosenfeld 
1979). 

The nitrate flux was directed towards the sediment 
during the period late September to early October. 
Nitrate uptake rates in the present study (max. 43 pmol 
m 2  h ' )  were well below rates reported by Rutgers 
van der Loeff et al. (1981) and Kemp et al. (1982). There 
was a net efflux of nitrate from the sediment in Sep- 
tember-October when the nitrate concentration in the 
overlying water was zero. A similar nitrate release was 
found by Kemp et al. (1982). 

The phosphate flux was low in both plots, 27 and 
11 pnol m 2  h 1  in (+Sp) and (-Sp), respectively. 
After mid-October only uptake of phosphate was 
observed. Low flux rates for phosphate have also been 
found in the Ems-Dollard estuary (Rutgers van der 
Loeff et al. 1981). The phosphate flux in (+Sp)  showed 
the highest release 2 wk after detritus burial. This was 
probably due to phosphorus enrichment of the sedi- 
ment through the addition of Spartina material as well 
as to the development of a low redox potential in (+ Sp) 
as shown by Andersen & Hargrave (1984). Low redox 
potential increases the mobility of phosphate in the 
pore water (Bray et al. 1973, Watanabe & Tsunogai 
1984). 

Short term changes of temperature had a consider- 
able effect on flux rates. The significant effect of tem- 
perature on ammonium release in the enriched area 
(+Sp)  may be due to an increase in the mineralization 
rate of nitrogenous compounds originating from the 
Spartina detritus. The nitrate flux rate in the 2 plots did 
not increase with temperature in the October experi- 
ment as it did in November and December. The lower 
nitrate uptake in (+Sp) and release in (-Sp) may be 
caused by an oxidation of the increased amount of 
ammonium that is produced. The varying effect of 
temperature on the phosphate flux is difficult to inter- 
pret because the net transfer of phosphate from the 
water to the sediment may be a result of many proces- 
ses and abiotic factors. The results from the short term 
experiments on temperature effects imply that the in 
situ flux rates may vary with die1 variation in sediment 
temperature. 

The nutrient flux rates were apparently not corre- 
lated with the seasonal temperature in the field. How- 
ever, in  situ temperature was measured on each sam- 
pling date. This means that other factors varying with 
time (e.g. aging of the buried detritus) may hide the 
effect of the seasonal variation in in  situ temperature. 

The decomposing Spartina material showed a 
decrease in the C/N ratio during the first week, fol- 
lowed by a slow increase. The initial decrease was 
mainly due to an increase in nitrogen. Mann (1976) 
summarized data from a number of studies on nitrogen 
content of macrophytes during decomposition and 
found that in most cases there was an increase in the 
percentage nitrogen content, which was thought to be 
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in the Spartina material decreased rapidly during the 
first 3 d after burial probably due to leaching. The 
subsequent increase in the phosphorus percentage is 
presumed to be due to sorption processes and mi- LITERATURE CITED 
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