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T h e  s p a t i a l  a n d  t e m p o r a l  s c a l e s 
of mesocosms and related experimental 
ecosystems regulate responses of system 
components to perturbations and other changes 
in external conditions. Therefore, a fundamental 
understanding of the scale-dependence of 
experimental ecosystem behavior is essential 
for quantitative  extrapolation of mesocosm 
results to conditions in nature. The spatial 
and temporal scales of experimental coastal 
ecosystem studied in MEERC and other 
research are generally much smaller than the 
scales of the natural ecosystems to which one 
might wish to extrapolate research results. 

Scaling theory predicts that certain patterns 
and processes only become evident as scale 
is increased beyond thresholds of  extent.17 
Furthermore, our own hypotheses and data 
indicate that scaling patterns tend to be non-
linear.18 So it is possible, for instance, that patterns 
that were determined to be scale-dependent in 

MEERC mesocosm experiments become scale-
independent at larger scales of natural systems 
(solid line in Fig. 49). Likewise, it is possible 
that relationships that one sees as scale-
independent in mesocosms are functions of 
scale in larger natural ecosystems (dashed line 
in Fig. 49). Finally, it is possible that thresholds 
exist over which small changes in scale 
result in dramatic and possibly discontinuous 
changes in ecological dynamics. Given these 
possibilities, it is important that fi ndings from 
multi-scale experiments be validated with 
data collected from a range of larger scale 
ecosystems in nature.19

 In this section, results from MEERC and other 
research are used to develop scaling guidelines for 
designing experimental systems and conducting 
experimental research. This discussion considers 
scales (size, shape) and temporal scales (duration, 
frequency) of experimental ecosystem studies.

Spatial and temporal scales in mesocosms affect our ability to 
extrapolate from experiments to nature

Spatial and temporal scaling

Figure 49: Hypothetical responses of two distinct ecological properties to changes in the scales over which they are observed. 
Mesocosm scales (shaded region of graph) are inherently smaller than the scales of most natural systems. Trajectories 
shown indicate how different properties may be affected differently by changes in scale.18,19
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Spatial scaling: Container depth, width, and shape constrain 
ecological properties of mesocosms 

 Aquatic mesocosms are characterized 
by clearly defi ned boundaries, surfaces, and 
dimensions (Fig. 50). The size and shape of 
cylindrical mesocosms can be described by 
two linear dimensions (depth, z, and width or 
radius, r) and two volumes (water and  sediment 
[if present], where h is the height of sediments). In 
addition, there are three surface areas (air-water 
surface, sediment-water surface, mesocosm wall 
surface) that defi ne the mesocosm’s boundaries 
(Fig. 50). Light enters the mesocosms primarily 
at the air-water interface, which is also the site 
across which important gases such as oxygen, 
carbon dioxide and nitrogen are exchanged 
between experimental water and the overlying 
atmosphere. At the sediment-water interface, 
key solutes (e.g., oxygen, inorganic nutrients) 
move between water and sediment as a result of 
benthic biogeochemical processes. Also across 
this interface, particulate materials sink from 
the water column to the sediments and may be 
resuspended back into the water. The walls of 
aquatic mesocosms constitute a unique surface 
representative of hard substrates that typically 
occur in nature at much lower ratios of surface 
area to water volume. Walls constrain lateral 
exchanges of water and organisms between the 
container volume and surrounding region, and 
they provide a physical substrate for growth of 
attached organisms. 

We examined 360 reports for data on 
mesocosm dimensions to explore patterns of 
shape, with an initial hypothesis that researchers 
may have implicitly tended toward use of 
experimental systems (Fig. 51) characterized 
either by constant depth (z = C1), constant radius 
(r = C2), or constant shape (r/z = C3). Meta-
analysis of reported dimensions of experimental 
systems revealed that published research results 
have been generated from mesocosms having 
remarkably similar shape.20

This shape-bias shared among researchers 
using enclosed experimental ecosystems is 

somewhat disturbing. This is because the 
similarity in shape of aquatic mesososms implies 
that there is no consistency in other important 
geometric properties of experimental systems. 
Specifi cally, for containers with constant shape, 
the relative importance (per water volume) of 
both wall area and horizontal surface area will 
tend to decrease with the size of the experimental 
system. Hence, the relative importance of wall 
artifacts such as  periphyton growth and benthic 
processes such as nutrient regeneration will differ 
among experimental containers in proportion to 
their size (Fig. 34).

Figure 50: Conceptual diagram showing key regions of 
biogeochemical activity associated with the  spatial scales 
of a pelagic-benthic mesocosm. (h=sediment depth)

Air/water interface (�r2)
Wall/water interface (2�rz)
Water volume (�r2z)
Sediment/water interface (�r2)
Sediment volume (�r2h)

Radius (r)

D
ep

th
 (z

)

Figure 51: Alternative simple relationships by which 
depth and radius of mesocosms might tend to be related. 
Constant radius: depth is varied but width (radius) is held 
constant. Constant depth: radius is varied but depth is held 
constant. Constant shape: depth and radius are varied in 
constant proportion to one another. Researchers tend to 
use containers with relatively constant shape.20
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Spatial scaling: Ecological effects of water column depth depend 
on light and nutrient conditions

In the MEERC pelagic-benthic experimental 
studies, fifteen cylindrical mesocosms were 
constructed with 5 distinct dimensions, 3 
volumes, and 3 replicates per dimension (Fig. 
52). These mesocosms were organized into 3 
series: one with a constant depth (A, C and E 
tanks; depth = 1.0 m), one with constant shape 
(B, C, and D tanks; radius/depth = 0.56), and 
one with constant volume (E and D tanks = 
10 m3; A and B tanks = 0.1 m3; Fig. 52). These 
mesocosms with estuarine water and  sediments 
were used to conduct a series of multi-scale 
studies examining how container size and shape 
infl uence ecosystem behavior.

Scientists in MEERC developed a set of 
simple scaling hypotheses related to variations 
in depth of the upper mixed water column. 
Depth-scaling hypotheses started with the 
understanding that primary productivity in 
temperate coastal ecosystems often experiences 
a seasonal shift from light limitation in the 
spring to nutrient limitation in the summer. 
An important dimensional difference between 
these two limiting factors is that light energy is 

received on an areal basis (e.g., units of μmol 
photons m-2 s-1) and is then absorbed as it is 
travels down to deeper parts of the water column. 
In contrast, plankton experience nutrients 
on a volumetric basis (e.g., μmol m-3), and 
concentration is relatively constant over depth in 
a well-mixed water column. These dimensional 
differences in nutrients and light suggest two 
simple depth-related scaling hypotheses that 
were tested in our mesocosm experiments.

Because aquatic ecosystems experience light 
on an areal basis, under purely light-limited 
conditions one might expect  gross primary 
productivity ( GPP) and related ecological 
variables to be constant among different depth 
systems when expressed on an areal basis: GPPArea 
= C1, (C1 = a constant, units = g O2 m

-3 h-1). In 
contrast, because biota contact nutrients on a 
volumetric basis, under purely nutrient-limited 
conditions primary productivity should be 
constant when expressed per unit volume: GPPVol 
= C2. In this nutrient-limited case, by defi nition 
productivity expressed per unit area should be 
directly proportional to depth: GPPArea = C2 * z.

Change in radius (r)

Change in depth (z)

Figure 52: Multi-scale studies in MEERC involved observing dynamics in a series of mesocosms that differed in container 
depth, radius, and shape.
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One set of MEERC multi-scale experiments 
illustrated how water column depth regulates 
 gross primary production (GPP) of the integrated 
ecosystem by comparing the GPP (= daytime 
increases in O2 minus nighttime decreases) for 
mesocosm systems of differing depth during 
spring (light-limited) and summer (nutrient-
limited) conditions. Mean values for GPP 
normalized both per unit water volume and 
surface area generally followed the hypothesized 
relationships (p. 52) with spring GPP per area 
constant among systems but GPP per volume 
inversely related to depth (Fig. 53). For the 
nutrient-limited summer experiment, GPP per 
unit volume was relatively independent of water 
depth and, GPP per area increased with depth 
as predicted. These depth-scaling relationships 

Spatial scaling: Water column depth regulates algal          
biomass and production

Figure 54: Example time-series of GPP per water volume 
for three mesocosm types (B, C, D) of identical shape but 
different depth during nutrient limited summer before and 
after pulse addition of nutrients.21
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derive from the fundamental differences in the 
way nutrient and light availability change with 
overall water column depth.

Further demonstration of the scaling 
relationship for nutrient-limited conditions is 
evident in temporal variations in  GPP per unit 
volume for the three systems with the same 
shape but different depth (B, C, D) during 
summer (Fig. 54). Under these nutrient-limited 
conditions, GPP per unit volume was constant 
among the three mesocosm types despite 
differences in depth. Gross primary production 
expressed per unit volume exhibited the same 
temporal patterns of weekly variations in the 
different mesocosms until early August when 
a nutrient pulse was added to all systems. With 
this addition and the associated temporary 
transformation from nutrient-limited to light-
limited conditions, GPP per volume increased 
inversely with water depth as predicted.

These experimental fi ndings indicate the 
value of multi-scale experimental ecosystem 
studies in revealing fundamental scaling 
relationships. They reinforce the conclusion 
that the design and interpretation of mesocosm 
experiments must consider the water depth, 
nutrient conditions, and water clarity of the 
experimental system in relationship to these 
properties in the natural environment that the 
mesocosm is designed to represent. 

Figure 53: Variations in  gross primary productivity (GPP) 
in mesocosms of different depths. Mean GPP values 
(calculated both per water volume and per water surface 
area) and water column depth for (top panel) spring 
experiments under light-limited algal growth conditions 
and (bottom panel) summer experiments under nutrient-
limited growth conditions.
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Spatial scaling: Enclosure depth affects primary productivity and 
zooplankton abundance

In situations where ecosystem production 
tends to be light-limited (e.g., temperate estuaries 
in spring), the abundance of zooplankton (the 
major plankton grazers in many natural and 
experimental coastal ecosystems) tends to vary 
with water depth in a relationship similar to that 
for  the gross primary production (GPP). For the 
spring MEERC experiments, concentrations of 
dissolved inorganic nutrients (N, P, Si) were 
well above levels that limit primary production, 
such that availability of light was relatively more 
important as a control on algal growth. When 
mean values for both GPP and zooplankton 
biomass (both expressed per m3 water volume) 
in the mesocosms were combined with similar 
spring data for stations in the mesohaline regions 
of Chesapeake Bay and one of its major tributary 
systems (Patuxent River estuary), there were 
parallel trends with increasing depth (Fig. 55). 

Initially, a statistically signifi cant negative 
exponential equation was developed using only 
the mesocosm data (within the shaded area to the 
left). However, the regressions were unchanged 
when Bay data were included, suggesting 
that mesocosm scaling relationships could be 
extrapolated directly to conditions in nature. In 
this case, however, all of the signifi cant changes 
in GPP and zooplankton occur within the 
mesocosm range of depths, such that changes in 
these variables become essentially independent 
of depth  when depth exceeds 2 or 3 m. This 
threshold point for depth-dependence likely 
varies with water clarity, becoming deeper in 
clearer water columns. 

These results also imply that, under resource-
limited growth conditions, scaling relationships 
may propagate from lower to higher trophic 
levels. This is essentially a situation of  bottom-
up control (i.e., resource limitation) on organism 

growth and production. These depth-scaling 
relationships might be less evident under 
conditions of  top-down control (i.e., limitation 
via consumption) on production resulting 
from externally induced changes in consumer 
abundance.

Figure 55: Variations in primary production and 
zooplankton biomass with changes in water column depth 
for fi ve experimental and two natural estuarine ecosystems 
with similar salinity. Experimental ecosystems have fi ve 
different sizes or shapes and the estuarine sites are in the 
mainstem and a tributary of Chesapeake Bay. Data are 
mean values for  gross primary productivity (GPP per 
unit water volume) measured from changes in dissolved 
oxygen concentration.22-24
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Spatial scaling: Enclosure depth affects nutrient recycling but 
does not simulate natural ecosystems well

For both  gross primary productivity and 
zooplankton biomass, scaling coefficients 
derived from mesocosm data alone were 
almost identical to those derived by combining 
data from mesocosms and natural ecosystems 
(previous page). It is worth noting, however, 
that  GPP data for the Patuxent estuary fall some 
distance from the fi tted equation. Had data for 
other natural ecosystems been included, there 
would likely be considerable scatter around 
the regression because many factors other than 
depth vary among estuaries. Indeed, in many 
ways this is the point; a great strength of multi-
scale mesocosm experiments is that these other 
factors, such as nutrient loading, can be held 
constant so that scaling effects can be isolated 
successfully. This comparison suggests that, 
at least for some variables and under some 
circumstances, scaling relationships revealed 
in mesocosms are robust and can be directly 
extrapolated to nature.

For other variables, however, the potential 
value of mesocosms for revealing fundamental 
scaling relationships and the potential for direct 
 extrapolation may be more complicated. For 
instance, benthic recycling of dissolved inorganic 
nitrogen was expected to conform to the depth-
scale hypothesis. In this case, although an inverse 
equation (Y = N1 (z)-1, where Y is the ratio of 
N recycling to N input and N1 is a coeffi cient) 
neatly fi tted data from the mesocosms (Fig. 
56), the extrapolation of this equation (dashed 
line beyond mesocosm scales) did a poor job 
of predicting data gathered for larger natural 
ecosystems. The same inverse equation with a 
different coeffi cient did, however, fi t the data 
from fi ve fi eld sites (dashed line). 

There are a number of explanations for 
why scaling relationships may have altered 
relative regeneration of dissolved inorganic 
nitrogen might differ between mesocosms and 

Figure 56: Relationships between relative rates of 
benthic nitrogen recycling (as a fraction of N input) 
and depth in mesocosms and in large natural estuarine 
tributaries and the mainstem of Chesapeake Bay.25-27
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nature. For example,  although the horizontally 
rotated impellers in the experimental systems 
produced realistic  mixing in the water column,  
the bottom shear velocity at the sediment-water 
interface was unrealistically low (≈0.1 cm s-1). 
This enhances key benthic processes such as 
microphytobenthic production and nutrient 
uptake28; unrealistically low shear at the bottom 
interface would thus tend to inhibit nutrient 
regeneration rates. Moreover, in benthic-pelagic 
coupling experiments in MEERC a moderate 
bottom shear velocity of 0.6 cm s-1 resulted 
in microphytobenthos erosion and affected 
subsequent nutrient regeneration compared 
to experiments in tanks with the same water 
column mixing but low bottom shear.28 

The important lesson is that although 
multi-scale experiments can be used to identify 
valid scaling relationships in some cases, 
unrealistic biological and physical conditions 
within mesocosm studies (i.e., an inadequate 
representation of physical complexity) can 
sometimes distort ecological dynamics and result 
in erroneous conclusions when extrapolating 
results from mesocosms to nature.

25. Mesocosm data from Cornwell unpublished; fi eld data from Boynton et al. 1995, 26. Kemp et al. 2001, 27. Petersen et al. 2003, 28. Porter et al. 2004b
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Spatial scaling: Water depth and light availability control benthic 
microalgal production

Benthic primary production by microalgae 
tends to vary with water column depth simply 
because of depth-dependent variations in 
light levels reaching the  sediment surface. 
Figure 57 demonstrates how depth regulates 
 benthic primary production (BPP) by comparing 
estimated BPP for three experimental mesocosms 
having different water column depths (B, C, and 
D, with depths of 0.5, 1.0, 2.2 m) with BPP rate 
measurements made in the mesohaline region of 
Chesapeake Bay. 

When rates of BPP are plotted versus water 
column depth for the mesocosms and the fi eld 
sites, there are two parallel but different patterns 
of exponentially decreasing rates with depth 
(Fig. 57, top panel). It might be anticipated that 
this difference is simply related to differences 
in light regimes in the experimental and natural 
environments. Although the shapes of the 

Figure 57:  Benthic primary production versus water depth in 
mesocosms and Chesapeake Bay (top panel). Benthic primary 
production versus light intensity at the sediment surface in 
mesocosms and Chesapeake Bay (bottom panel).29 
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respective relationships between BPP and light at 
the sediment surface are similar for observations 
in the two environments, mesocosm rates at a 
given light level were consistently lower (Fig. 57, 
bottom panel). Presumably, differences between 
relationships of BPP versus light between 
mesocosms and the Bay are attributable to 
differences of nutrient availability or other factors 
between the experimental and natural habitats. 

The presence of benthic microalgal 
communities can also affect nutrient recycling 
processes in experimental ecosystems because 
algal uptake of nutrients is proportional to light 
reaching the sediment, which is in turn related 
to water column depth. Recycling effl uxes of 
dissolved inorganic nitrogen from sediments 
of shallow mesocosms with low bottom shear 
velocity decline signifi cantly in the light because 
of assimilation by benthic microalgae (Fig. 58).

Thus, researchers must consider differences 
in habitat conditions when attempting to 
extend results from enclosed experiments 
to conditions in nature. On the other hand, 
experimental planktologists must realize that 
benthic communities will tend to develop at the 
bottom surface of all containers, and that these 
chamber bottoms may be sites of active organic 
production and consumption as well as  nutrient 
cycling processes.
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Figure 58: Fluxes of dissolved inorganic nitrogen (nitrate 
+ nitrite + ammonium) from sediments to overlying 
water under dark and light conditions in shallow 
experimental ecosystems with healthy benthic microalgal 
communities.30
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Spatial scaling: Wall artifacts vary with width of experimental ecosystems

Whereas differences in water column depth 
may lead to fundamental differences in ecological 
characteristics in experimental and natural 
systems, differences in mesocosm width may 
induce different levels of experimental artifacts. 
One potentially important artifact is growth of 
 periphyton communities (including bacteria, algae, 
protozoa, and small metazoans) on mesocosm 
walls. Because walls are not normal habitats in 
most natural planktonic or benthic subsystems, 
growth of periphyton communities on container 
surfaces is usually considered a non-representative 
artifact that complicates  extrapolation of results to 
conditions in nature. Experiments were conducted 
in MEERC pelagic-benthic mesocosms with tanks 
of different radius to quantify the artifacts of scale 
associated with this wall growth. If the relative 
contribution of wall productivity to total system 
productivity was proportional to the ratio of wall 
area to water volume (Aw:V), then it would also be 
inversely proportional to radius for a cylindrical 
container (Aw:V = 2�r * z/�r2 * z = 2/r). Thus, the 
relative contribution of walls to total  gross primary 
productivity among systems of different radius 

would be  GPPwall/GPPtotal = C3/r, where C3 is a 
constant and r is the container radius. 

In experiments without routine removal of 
material from container walls, periphyton biomass 
(normalized per water volume) was inversely 
proportional to mesocosm radius (Fig. 59). Similar 
relationships were seen for periphyton GGP and 
periphyton uptake of dissolved inorganic nitrogen 
(DIN).31,32 Hence, the relative contribution of 
periphyton communities to total biomass and 
ecological processes in mesocosms tended to 
decrease with container radius. These observations 
led to the hypothesis that the ratio of GPPwall/
GPPtotal is related to the inverse of container radius 
(r-1). Although this ratio did decline with container 
radius, the exact relationship did not conform 
perfectly with the hypothesized model (Fig. 60). 
When wall productivity was expressed per unit 
wall surface area, periphyton were more robust 
in wider systems. This trend may be related to 
self-limitation for light or nutrients or both, with 
denser periphyton growth or more intense grazing 
pressure in narrower tanks.31

Figure 60: Changes in relative contribution of wall 
periphyton to total gross primary productivity (top panel) 
and in productivity of wall periphyton per unit of wall area 
(bottom panel) with mesocosm radius. The curved lines 
through the data are a least-squares fi t using the hypothesized 
inverse relationship between relative productivity and tank 
radius GPPwall /GPPtotal = C3  / r (top panel), and a best-fi t 
line (bottom panel).31,33
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31. Chen et al. 1997, 32. Chen et al. 2000, 33. Petersen et al. 2003 

Figure 59: Variations in periphyton community properties 
with increasing container radius, including algal biomass 
(top panel) and uptake of dissolved inorganic nitrogen (bottom 
panel) (both expressed per unit water column volume).31,32
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Spatial scaling: Mesocosm size constrains the behavior and 
physiology of mobile animals

Figure 61: Variations in growth rate (mean ± SE) of bay 
anchovy (Anchoa mitchilli) with increasing radius of 
experimental containers. Growth rates were measured 
as an increase in standard length of fi sh during period of 
captivity in container.35

Figure 62: Relationship between mortality rate of larval 
fi sh (capelin, Mallotus villosus) subjected to predation by 
 gelatinous zooplankton (Aurelia aurita) at standardized 
size and density and volume of experimental container. 
Mean and standard deviation are presented for each 
enclosure volume.36

The width of an experimental ecosystem 
also affects the behavior and physiology of 
fi sh and other swimming animals contained in 
that ecosystem. The frequency of encounters 
that a randomly swimming fish might have 
with container walls would be proportional 
to the ratio of wall area (Aw) to water volume 
(V), which is in turn proportional to container 
radius (r = 2V/Aw). More encounters with walls 
probably leads to more uncharacteristic animal 
behavior and associated physiological stress.34

A series of experiments was conducted 
in pelagic-benthic mesocosms35 using the 
zooplantivorous bay anchovy (Anchoa mitchilli). 
In 43-day experiments, there was a consistently 
increasing rate of anchovy growth as the width of 
experimental containers increased (Fig. 61).35At 
widths exceeding 1 m diameter, growth rates 
began to approach those observed in the natural 
estuarine environment (Chesapeake Bay). 
Although precise mechanisms underlying this 
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pattern are yet unknown, they presumably arise 
from altered swimming and feeding behavior of 
the bay anchovy, which may somehow increase 
respiration and decrease prey capture. 

Similar studies of predator-prey interactions 
have revealed aberrant behavior of the enclosed 
organisms in experiments conducted in small 
containers. For gelatinous zooplankton feeding on 
fi sh larvae, a steep inverse relationship between 
predation (prey mortality) rates and container 
volume was observed for mesocosms less than 
about 2 m3 volume (Fig. 62). Conversely, other 
studies have reported that predatory pelagic 
animals appear to have  threshold  minimum 
container sizes beyond which growth rates 
are unaffected by container walls. This critical 
container volume tends to vary directly with both 
size and density of the consumer animals.36



58

EXPERIMENTAL ECOSYSTEMS

Spatial scaling: Relative variance among and within replicate 
experimental ecosystems is affected by container size

Figure 63: Changes in relative variance for measurements 
of  phytoplankton abundance among replicate experimental 
systems with changes in container size (top panel),32 and 
changes in relative variance for zooplankton abundance 
within experimental systems with changes in container size 
after 35 and 63 days of experiments (bottom panel).37,38

In addition to the average characteristics of 
MEERC’s experimental systems varying with 
size, the relative variability ( variance/mean) 
of those properties also changes with container 
size. The question of variance scaling can be 
considered in two contexts: 1) variance among 
replicate experimental systems and 2) variance 
within a given experimental system.

In the first case, researchers observed 
that the relative variability in phytoplankton 
characteristics among replicate mesocosms 
appears to decline with size. In fact, relative 
variance decreased exponentially with mesocosm 
length scale (Fig. 63, top panel). Variance 
among replicate systems was hypothesized to 
be controlled largely by processes occurring at 
container surfaces:  periphyton on walls, benthic 
communities at the  sediment surface, and neuston 
(minute organisms at the air-water interface). 
Therefore, a length-of-edge index,  the square 
root of the sum of these three surface areas, was 
used for analysis (Fig. 63). Although there is 
surprisingly little other published information to 
confi rm the generality of this pattern, it appears 
that decisions by experimentalists on the number 
of replicates needed for studies in mesocosms 
of different size are consistent with this fi nding. 
Indeed, a review of the mesocosm literature 
revealed an inverse relationship between size 
of experimental container and number of 
replicates used by researchers. This may refl ect 
an understanding that larger systems are more 
stable and more predictable, leading to lower 
variability among replicates. However, this trend 
may be driven more by logistical considerations, 
including the expense of building, housing, 
and maintaining many replicates for larger 
experimental systems.

The second kind of variance-scaling involves 
how within-the-system variability of ecological 
properties changes with the size of experimental 
containers. In this case, MEERC researchers 
found that relative variability in copepod 

abundance tended to increase with container 
size (size is measured again with the length-of-
edge index). In general, within-system variance 
tended to increase with container size (Fig. 63, 
bottom panel). It is likely that this relationship 
emerges because larger systems have more 
 space (particularly, near edges) within which 
 patchiness can develop. It also appears that 
this trend becomes more pronounced with time 
during the experiment, such that this scaling 
effect is exacerbated by experimental duration.

37. Kemp et al. 2001, 38. Petersen et al. 2003
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39. Dudzik et al. 1979

Temporal scaling: Primary producer abundance in experimental 
ecosystems characteristically increases, then declines

Figure 64: Typical temporal patterns of variations in 
phytoplankton (top panel) and marsh plant biomass (middle 
panel) in mesocosms over relative time (clock time/ plant 
turnover time) for phytoplankton in smaller (0.1 m3) or 
larger (10 m3) containers (top panel) and for marsh plants 
in containers with one dominant plant species or fi ve co-
dominants (middle panel). The daily addition of nutrients 
(N + P + Si) at low or high rates to phytoplankton systems 
eliminated this bloom-bust pattern (bottom panel).

Previous investigators39 have reported a 
tendency of experimental planktonic communities 
to exhibit a characteristic temporal pattern with 
an initial pulse (bloom) of phytoplankton growth 
followed by a decline and extended period of 
relatively low algal biomass (bust). The duration 
of the bloom period tends to be 1 to 2 weeks 
whereas the low biomass period is protracted. 
This pattern presents a potential problem 
for conducting investigations with plankton 
communities because the experimental duration 
needs to be limited in time so as to avoid extension 
across the two sequential regimes (bloom and 
bust). If an experimental manipulation extends 
across the two regimes, it will be diffi cult to 
separate treatment effects statistically from 
these background changes in control and treated 
systems.

Similar temporal patterns occurred in marsh 
mesocosms containing emergent vascular 
plants, but at different scales. These mesocosms, 
maintained continuously for several years, 
exhibited exceptional growth of marsh plants in 
the fi rst year, followed by a gradual decline over 
the subsequent 4 years.

When the phytoplankton and marsh plant 
biomass data are presented versus a dimensionless 
 time-scale based on the biomass turnover-time of 
the plants, the patterns are virtually identical (Fig. 
64, top and middle panels). Here, turnover time 
is the time required for plant growth to replace 
existing biomass, and the dimensionless ‘relative 
time’ is defi ned as (clock time)/(turnover time), 
where turnover times were taken as 1.4 days for 
algae and 30 days for marsh plants. For both 
primary producers, at high and low diversity, 
and in experimental containers of all sizes and 
shapes, peak biomass occurred after 2 to 4 relative 
turnovers. This sequence was hypothesized to 
be largely attributable to depletion of the initial 
nutrient supply. This idea was tested by comparing 
time-series of phytoplankton biomass in control 
containers with those receiving daily high and 
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low rate additions of nutrients (N, Si, P at 16:16:1 
proportions). In fact, added nutrients resulted in 
the removal of the bloom-bust cycle, with algal 
biomass maintained throughout the 8-week 
experimental duration (Fig. 64, bottom panel). 
Thus, it appears that these bloom-bust cycles can 
be eliminated with continual nutrient addition 
or, perhaps, by including an adequate nutrient 
repository (e.g.,  sediments) in a mesocosm.
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Temporal scaling: Zooplankton abundance in experimental 
ecosystems characteristically lags phytoplankton abundance

40. Roman et al. 2005, 41. Roman unpublished, 42. Mesocosm data from Roman unpublished, 43. Field data are adapted from Brownlee and Jacobs 1987 
and Harding et al. 2002

As with phytoplankton growing in 
experimental ecosystems, temporal trends in 
zooplankton biomass in mesocosms tend to 
follow characteristic cycles of growth and 
decline. Typical examples of these cycles are 
depicted for mesocosms of fi ve different size and 
shapes during spring and for comparable regions 
of Chesapeake Bay (Fig. 65). Zooplankton 
assemblages, which are dominated by the 
copepod Acartia tonsa, exhibit peak biomass 
values that lag behind phytoplankton blooms by 
about 2 weeks, with zooplankton values being 
generally higher in the smaller mesocosms 
(A, B, and C in Fig. 65), possibly revealing 
a scaling effect. Whereas zooplankton and 
phytoplankton biomass levels were similar to 
each other in mesocosms, in the natural estuary 
zooplankton biomass is only 10-20% of that of 
their phytoplankton prey. In estuaries such as 
Chesapeake Bay, zooplankton biomass tends to 
be controlled more by predators than by food 

Figure 65: Comparison of temporal variations in spring phytoplankton and zooplankton biomass levels in experimental 
ecosystems of different size (ranging from 0.1 m3 to 10 m3) and in the mesohaline region of Chesapeake Bay.42,43
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supply.40 In typical experimental ecosystems, 
however, most planktivorous predators are 
excluded, thereby allowing initial explosive 
zooplankton growth followed by declining 
growth with diminishing food supplies.

The coincidence of declining phytoplankton 
and increasing zooplankton in mesocosms 
suggests that zooplankton grazing contributes 
to algal losses. In fact, nutrient enrichment 
experiments resulted in signifi cant increases 
in zooplankton biomass with little change in 
 phytoplankton abundance, indicating food-
limited conditions for zooplankton.41  Under the 
extreme food limitation that typifi es conditions 
in many experimental mesocosms, adult 
copepods will also prey heavily on their own 
juveniles. This kind of cannibalistic behavior 
appears to be much less common in natural 
estuaries where adult copepods are controlled 
by their predators.41
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Temporal scaling: Extended experiments lead to depleted 
nutrients and food, and subsequent reduced fish growth

Figure 66: Mean (± SE) growth of bay anchovy, Anchoa mitchilli, versus diameter of experimental ecosystems for 
similar studies of 43- and 90-day duration. Growth rates are calculated comparing length of fi sh at the beginning and 
end of the experiments.44

Earlier (p. 53), we used an example from 
experiments with planktivorous (zooplankton-
eating) bay anchovy, Anchoa mitchilli, to 
illustrate how the size of experimental containers 
can affect the behavior and growth of captive 
fish. Although these results were from a 
relatively short duration (43-day) experiment, a 
longer (90-day) experiment produced a similar 
pattern of increasing fi sh growth with increasing 
container radius (Fig. 66). In this longer study, 
however, anchovy growth rates were signifi cantly 
lower than those in the shorter experiment, and 
all rates from the longer study were well below 
the range of values measured in the estuary. 
Given the tendency for zooplankton biomass 
in experimental ecosystems to decline after 
several weeks without supplemental nutrient 
additions, (p. 56), these results are not surprising. 
Based on observed zooplankton abundances, 
calculations of anchovy bioenergetic balance 
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(i.e., consumption minus excretion minus 
respiration) for these two experiments revealed 
that growth of fi sh in the longer duration study 
was, in fact, acutely limited by food availability.39 

To minimize stress on experimental fi sh, growth 
rates had been calculated for individual fi sh only 
at the end of these experiments by comparing 
initial size (and inferred weight) with measured 
size (and weight) at the end of the experiment. 
It was assumed that during their fi rst 43 days 
in captivity, the fi sh in the 90-day experiment 
were probably growing at rates similar to 
those measured in the shorter study; however, 
after 90 days with limited food supplies, some 
individuals actually shrunk.44  Thus, duration of 
study in experimental estuarine ecosystems can 
substantially affect the observed productivity, 
standing stocks, feeding rates, and growth of 
contained organisms.

44. Mowitt 1999
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Temporal (and spatial) scaling: Extended experiments lead to 
depleted nutrients, food, and subsequent reduced oyster growth

The previous example illustrated how the 
size and shape of experimental containers and the 
duration of an experiment can substantially alter 
the growth of planktivorous fi sh. This example  
demonstrates a similar pattern for benthic fi lter-
feeding   oysters (Crassostrea virginica) when 
experiments are conducted without continuous 
nutrient additions and without resuspension of 
bottom  sediments. These kinds of experiments 
are commonly used to study benthic fi ltration 
effects on plankton in aquatic ecosystems. 

In these experiments, the larger mesocosms 
(1.0 m3, C tanks) consistently had more 
phytoplankton biomass regardless of whether 
or not oysters were present. The smaller (0.1 
m3, A tanks) narrower containers (Fig. 67; note 
differences in Y-axis scale between panels) had 
lower light penetration through the water column, 
thereby supporting less algal production. As 
previously discussed, phytoplankton biomass 
exhibited an initial bloom during the fi rst week, 
followed by a gradual decline in abundance over 
the subsequent 4 weeks.45,46 

45. Porter 2004a, 46. Porter 1999
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In this experiment, the fi lter-feeding rates 
were scaled to container volume in the two 
mesocosm types by adding 120 juvenile oysters 
to the 1 m3 mesocosms and 12 to the 0.1 m3 

systems. Within a week of the initiation of the 
experiment, oyster filtration had essentially 
depleted phytoplankton standing stocks in all 
experimental ecosystems, with chlorophyll-a 
values below 1 μg l-1 in the smaller systems 
and generally less than 5 μg l-1 in the larger 
containers. Although chlorophyll a levels 
declined in the mesocosms without oysters 
as well, they remained significantly higher 
(2-6 μg l-1 in the smaller systems and 10-40 μg l-1 
in the larger containers). 

At these experimental animal densities and 
container volumes, oysters were probably food-
limited for much of the experiment, especially 
in the small mesocosms. Consequently, over 
the 4-week-long experiments, oysters grew 
signifi cantly better in the larger mesocosms 
with higher food abundance than in the smaller 
systems (Fig. 68).45,46 For a shorter experimental 
duration, the difference might not have been so 
large; however, light limitation in the smaller, 
narrow tanks may have created an inherently 
lower phytoplankton system.
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Figure 67: Time-course changes in phytoplankton 
biomass (chl a) in smaller (0.1 m3, upper panel) and larger 
(1.0 m3, lower panel) mesocosms with and without benthic 
fi lter-feeding oyster populations. Notice the difference in 
Y-axis scale for the two experimental systems.

Figure 68: Difference in weight gain (mean ± standard 
deviation) by oysters grown in smaller (0.1 m3) and 
in larger (1.0  m3) mesocosms. n=10 in the larger 
mesocosms, n=7 in the smaller mesocosms.
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