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ABSTRACT

Submerged aquatic vegetation provides essential habitat for many commercially
important species. Dramatic declines in submerged aquatic vegetation cover have been
reported worldwide and have been mostly attributed to increasingly eutrophic conditions,
especially due to light limitation from increased turbidity or attached epiphytes.
Restoration research has been aimed at understanding the causes for decline and
rebuilding seagrass beds. Chlorophyll-a fluorescence has been used as a tool in
photosynthesis research for some time, but only recently in studies of aquatic plants.
Chlorophyll-a fluorescence techniques may allow for rapid and non-destructive
monitoring of seagrass health, and aid in restoration efforts. However, the relationship
between short-term chlorophyll-a fluorescence measures and long-term growth is not
well developed. Ecosystem models are another tool used in seagrass research, and are
especially useful for investigating long-term trends when such measures would not be
otherwise possible.

The main objective of this work was to determine the feasibility of using short-
term chlorophyll-a fluorescence measures as indicators of long-term seagrass growth and
survival. Empirical relationships between chlorophyll-a fluorescence parameters and
photosynthesis measures were developed and integrated into an existing seagrass
ecosystem model that predicts long-term growth. Because the data used to develop these
relationships were generated from experiments utilizing excised leaf pieces, a scaling
experiment was performed to determine response differences between excised leaf tissue
and whole plants. While the relative maximum electron transport rate derived from rapid
light curves was similar between leaf pieces and whole plants, the oxygen-based
photosynthetic rates were more than two times greater for whole plants. To account for
this, a scaling factor was applied to the chlorophyll-a fluorescence-photosynthesis
relationships in the model. Attempts were also made to determine the photosynthetic and
respiratory quotients needed to convert oxygen to carbon units in the model.
Unfortunately, these experiments were unsuccessful and literature values were used.
When compared to the original model, the revised model was able to produce reasonable
estimates of plant biomass; however, gross primary production and leaf respiration did
not compare as favorably to the original seagrass model. Model sensitivity analysis
suggests that further research is needed to obtain better estimates of photosynthetic and
respiratory quotients and to scale metabolic rates between whole plants and leaf pieces.

vii



INVESTIGATION OF RELATIONSHIPS BETWEEN SHORT-TERM

PHOTOSYNTHETIC PERFORMANCE AND LONG-TERM GROWTH

OF ZOSTERA MARINA



INTRODUCTION

This work is part of a larger project aimed at answering the question, “Can we use
pulse amplitude modulated (PAM) fluorescence technology to investigate stress in
seagrass?” Here, the term “stress” refers to the effects from light limitation, salinity and
temperature. If so, PAM fluorescence methods would aid in restoration efforts;
monitoring seagrass health would be more rapid, non-destructive, could be done more
frequently and could be used to identify the healthiest plants for transplantation. The
work presented here was more specifically aimed at linking chlorophyll-a fluorescence
measurements to actual measures of photosynthesis such as oxygen evolution or carbon
uptake. The relationships between chlorophyll-a fluorescence and photosynthesis were
then incorporated into an existing seagrass ecosystem model to determine if short-term
chlorophyll-a fluorescence measurements can predict long term growth.

Chlorophyll-a fluorescence can be used to infer information about how the plant
is photosynthesizing. Light energy absorbed by chlorophyll can be used to drive
photochemistry, can be dissipated by non-photochemical processes (mostly as heat) or
can be re-emitted as chlorophyll fluorescence. Because these three processes compete,
changes in the fluorescence yield reflect changes in photochemistry or heat dissipation; as
fluorescence increases, photochemistry decreases. For example, stressed plants tend to

have more chlorophyll-a fluorescence and less photochemistry occurring.
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PAM fluorometry methods can provide several different parameters. The primary
focus for this work was the relative electron transport rate. It is a measure of the electron
transport rate in the photosystem, and is calculated as the product of quantum yield times
PAR. This parameter is relative because it varies as a function of other factors such as
chlorophyll or light absorption of the leaf. Quantum yield is a measure of the efficiency
with which the plant uses light; under stress, the plant becomes less efficient. Rapid light
curves plot the relative electron transport rate against PAR and show the physiological
flexibility of the plant to rapid light changes. Rapid light curves are similar to
photosynthesis-irradiance curves in shape and can be fitted to the same equations giving
similar fitted parameters such as the maximum relative electron transport rate (versus the
maximum photosynthesis rate, Pmay). It is very important to note, however, that the
relative electron transport rate is not actual photosynthesis, but that it is a measure of the
operation of the reaction. Other things affect actual photosynthesis like enzyme kinetics
or photoinhibition, for example. Going one step further, there are even more things that
can affect plant growth, like respiration. So there is a lot happening between
fluorescence and growth, but it has been shown that the relative electron transport rate
does correlate to photosynthesis fairly well.

Part of the larger project produced data connecting oxygen evolution to relative
electron transport rate for five different salinities (0-35 psu) and at three different
temperatures (7, 17, 27°C) for excised leaf pieces. These incubations lasted only five
minutes per light level. Excised leaf pieces have been used for a variety of physiological
studies; it is a relatively common practice. It is a quick, simple method which allows for

more replication. But the results were for leaf pieces on very short time scales. The



question is how does the response we see at this small scale relate to the response of
intact plants?

These data from excised leaf pieces were used to develop a model predicting
oxygen evolution from maximum relative electron transport rate. A series of unit
conversions were needed to both convert oxygen to carbon units and to scale from leaf
pieces to whole plants. The goals of the experimental portion of this project were 1) to
determine the photosynthetic and respiratory quotients, converting oxygen to carbon units
and 2) to determine the scaling factors, if any, to scale photosynthesis and respiration
rates from excised leaf pieces to the whole plant level. The equations governing
photosynthesis in a published, validated seagrass model were replaced with the new
fluorescence-based model and the output compared against the original to assess the use

of short-term chlorophyll-a fluorescence measurements in predicting long-term growth.



BACKGROUND

Submerged aquatic vegetation (SAV) provides habitat and nursery area for many
ecologically and commercially important species of fish and invertebrates, and is a food
source for waterfowl (Orth and Moore 1984, Short and Neckles 1999). SAV modifies the
chemical and physical environment by regulating water column dissolved oxygen and by
reducing suspended sediment, chlorophyll and nutrients (Short and Neckles 1999). The
root/rhizome systems bind sediments (Short and Neckles 1999), and leaves baffle
currents affecting rates of sedimentation and resuspension (Orth and Moore 1984,
Zimmerman et al. 1991)

Historically, the extent of SAV cover in Chesapeake Bay was much greater than it
is today. Areas with dense SAV cover in the Patuxent and Potomac Rivers in the 1960’s
were unvegetated by 1970 (Orth and Moore 1983). Major declines in all areas of
Chesapeake Bay were associated with Hurricane Agnes in 1972 (Orth and Moore 1983).
The increased freshwater inputs reduced salinities for up to 4 weeks and carried with it
large suspended sediment loads (Orth and Moore 1983). Overall, the seagrass systems
were already declining in the upriver and upper bay regions prior to Agnes; the storm just
hastened the decline (Orth and Moore 1983). There has been some recovery, but many
areas are still unvegetated (Moore et al. 2000). In the York River, Zostera marina
populations had declined dramatically from upriver and deeper areas by 1974, and many

areas still have not recovered (Batiuk et al. 1992).

5



It is generally accepted that light attenuation is the key factor determining SAV
recovery in the Chesapeake Bay (Batiuk et al. 1992). Anthropogenic inputs of suspended
particulate material and/or dissolved nutrients have been implicated in causing significant
losses of SAV (Moore et al. 1996, Moore et al. 1997). The suspended particulate load
consists primarily of inorganic particles (silts and clays) with phytoplankton playing a
smaller role in light attenuation (Batiuk et al. 1992). The problem of declining SAV due
to human impacts is not just local to Chesapeake Bay. Worldwide declines in SAV
populations have been attributed to increasing water column turbidity, increases in
dissolved nutrients, and increasing epiphyte accumulation (Short and Wyllie-Echeverria
1996). The current distribution of Z. marina in the lower Chesapeake Bay represents the
extent of suitable habitat conditions; the lack of overall regrowth in the Claybank region
of the York River was found to be due to unsuitable conditions and not a lack of
propagules (Moore et al. 1996). The Claybank region historically contained extensive
beds of Z. marina which disappeared completely by 1974 (Moore et al. 1996). This
research focuses specifically on Zostera marina (eelgrass) because it is the dominant
species of SAV in the mesohaline and polyhaline regions of the lower Chesapeake Bay

(Batiuk et al. 1992).

Environmental Stressors

Factors which can contribute to plant stress include low light availability,
sediment conditions, salinity, temperature, nutrient stress, epiphyte growth and disease;
susceptibility to low light conditions can be increased when other stresses are occurring

(Moore 1996). The interaction of effects from different stress factors can be complex and
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difficult to quantify (Moore 1996). So, the effects from a limited number of stressors (i.e.

light, salinity and temperature) are studied together so that these specific effects are

known when searching for reasons behind declining populations.

Light Response

Typical responses of Z. marina to light limitation include reduced shoot density,
leaf width, number of leaves per shoot and growth rate (Short and Neckles 1999). One
adaptation of eelgrass to low light is increased leaf length (Short and Neckles 1999).
Leaf elongation increases the photosynthetic area without increasing respiratory demands
because the leaf biomass remains the same or decreases due to thinning of the leaf
(Olesen and Sand-Jensen 1993). However, overall there will still be a decrease in areal
plant productivity under continued low light conditions (Short and Neckles 1999). In one
experiment a 63% reduction in light availability caused a 27% decrease in shoot density
within 18 days of shading (Backman and Barilotti 1976). The duration of shading was
also an important factor in overall recovery of the area; areas shaded for 2 months
recovered faster than areas shaded for 8 months (Backman and Barilotti 1976). The new
shoots came from the original root/rhizome material in the plots shaded for 2 months,
while the new shoots came from runners originating outside of the plots in the 8-month
treatment (Backman and Barilotti 1976). Shaded plants did not produce flowers or fruit
while controls did (Backman and Barilotti 1976).

In Z. marina 100-150 pmol photons m™s™ PAR is required to saturate
photosynthesis; however, the daily period of saturated photosynthesis (Hia;) as opposed to

instantaneous PAR is the important light factor controlling photosynthesis, growth and



biomass (Dennison and Alberte 1985). Eelgrass growth rates showed a saturation-type
response to Hg, and were strongly affected (declined) when Hg,, fell below 10 hours
(Dennison and Alberte 1985). However, in dynamic turbid estuaries, relatively short-
term periods of extreme light attenuation (days to weeks) may be more important in
controlling eelgrass growth and productivity than the mean light availability (Zimmerman
et al. 1991). In a study of extreme light limitation during winter, Alcoverro et al. (1999)
found that Z. marina responded to a negative carbon balance by suppressing production

of new roots, depleting sucrose reserves, effecting a gradual decrease in growth rate.

Salinity Response

In addition to low light, low salinities can also reduce eelgrass growth and
production. Leaf production rates increase with increasing salinity during high
production periods (Pinnerup 1980). A decrease in salinity of 5 ppt corresponds to about
a 10% decrease in shoot production (Moore et al. 1996). At salinities less than 10-20 ppt
a 50% reduction in productivity has been observed for several species (Zostera marina,
Zostera muelleri, Halophila engelmanni) (Short and Neckles 1999).

Kerr and Strother (1985) found a marked decline in photosynthetic rate at
salinities lower than 100% seawater concentration in Zostera muelleri. The decline in
photosynthetic rate was also seen in a 2.2 mM bicarbonate solution buffered to pH 8.1
(Kerr and Strother 1985). In Zostera muelleri salt is required for HCOj3  use, so the plants
are carbon limited in fresh water, regardless of the actual DIC concentration (Millhouse

and Strother 1987).



Iyer and Barnabas (1993) found that the number of chloroplasts per cell in the
epidermal cells of Zostera capensis increased with salinity from 2-40 ppt. The relative
cross-sectional area occupied by the chloroplasts increased as well (Iyer and Barnabas
1993). They concluded that photosynthetic production is likely to be greater in cells at
the higher salinities due to the larger number of chloroplasts (Iyer and Barnabas 1993).

A high rate of photosynthesis has been observed for Z. marina at a salinity of 31
ppt, and high leaf production rates observed at 31 and 20 ppt (Short and Neckles 1999).
Kerr and Strother (1985) found that photosynthesis was optimal at salinities between 70-
130% strength of seawater for Z. muelleri.

Especially high salinities can also be detrimental to eelgrass (Short and Neckles
1999). Ogata and Matsui (1965) found decreases in the photosynthetic rate at salinities
above and below normal (33.2 ppt) for Zostera nana using both natural seawater and
artificial seawater enriched with bicarbonate. The amino acid proline is used for
osmoregulation in Z. marina (Van Diggelen et al. 1987). Its production in response to
high salinities adds to the respiratory costs of the plants and may make it difficult to

achieve a positive carbon balance.

Temperature Response

The effects of temperature are important when considering factors affecting
eelgrass growth and survival. Light-limited photosynthesis is temperature insensitive but
respiration increases with temperature (Olesen and Sand-Jensen 1993). Eelgrass growth
declines at temperatures greater than 21°C most likely because of higher respiratory costs

(Olesen and Sand-Jensen 1993). In August, Z. marina biomass declines in the York
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River as production decreases and respiration increases with high temperatures (Moore et
al. 1998).

The optimum temperature for eelgrass gross photosynthesis in Chesapeake Bay is
between 19-23°C (Evans et al. 1986), or for net photosynthesis is between 20-22°C
(Marsh et al. 1986). Both gross and net photosynthetic rates increase with increasing
temperature up to the optimum and decrease above the optimum. In terms of the
photosynthesis-irradiance relationship (P-I), the initial slope (alpha) appears to be
relatively constant from 5-30°C but is the greatest at 0° and lowest at 35°C (Marsh et al.
1986). In addition, the saturating and compensation irradiances generally increase with
temperature (Marsh et al. 1986). Respiration rates continue increasing with temperature
from 5°C up to 35°C (Marsh et al. 1986). Using the P-I parameters of Marsh et al. (1983)
to model carbon balance in Z. marina, Dennison (1987) found the maximum gross
photosynthesis in July with high values from May through September. Respiration
peaked slightly later in the year with very low values through May. This disparity in
temperature effects on photosynthesis and respiration can explain the observed summer
biomass decline — in summer, the photosynthetic rates decrease while respiration
continues to increase at high temperatures. Dennison (1987) demonstrated that a simple
carbon-balance model using P-I characteristics and light/temperature data can be used to
explain seasonal growth patterns when he compared in-situ measurements of leaf growth
rates to calculated daily net photosynthesis and found a high correlation.

The timing of light or salinity stress in relation to the growth cycle can be very
important. Short-term events can have lasting effects if they occur during critical growth

periods (Moore et al. 1996). Even brief periods of extreme turbidity may be more
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important than long term mean conditions in defining eelgrass depth distributions
(Zimmerman et al. 1991). Periods of extreme light attenuation on the scale of days to
weeks may be an important controlling factor to growth and productivity in San
Francisco Bay (Zimmerman et al. 1991). Z. marina depth limits were found to be much
shallower at sites with high and variable turbidity than limits predicted based on carbon
requirements and saturating light availability in San Francisco Bay (Zimmerman et al.
1991). A greater daily variability, along with a stronger seasonal pulse of suspended
sediment in spring limits Z. marina survival in the Claybank region of the York River
(Moore et al. 1997). Spring is an important time for growth and storage of carbohydrate
(Olesen and Sand-Jensen 1993, Burke et al. 1996). High turbidity or shading during this
critical time may jeopardize survival if the plant is unable to produce sufficient reserves
to maintain a positive carbon balance later (Olesen and Sand-Jensen 1993, Burke et al.
1996, Moore et al. 1996, Moore et al. 1997). In a study in the York River, upriver Z.
marina transplants had greater shoot:root biomass ratios suggesting that carbohydrate
storage was not enough to meet metabolic demands in summer (Moore et al. 1996).
Light and temperature effects under field conditions are strongly correlated
because they change together seasonally (Ralph 1999). Over prolonged exposure to
excessive light, photoinhibition leads to a decreased rate of light saturated photosynthesis
(Pmax) (Long et al. 1994). The potential for photoinhibition is increased whenever
environmental conditions suppress photosynthetic carbon metabolism, such as at chilling
or high temperatures (Long et al. 1994). Oegren et al. (1984) found that the extent of
photoinhibition in the floating angiosperm Lemna gibba, a chilling-resistant plant,

increased with decreasing temperature; it was much more susceptible to photoinhibition
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at chilling temperatures and the light saturated CO, uptake rate was affected by

photoinhibitory treatment. Masini et al. (1995) found a significant photoinhibitory
response in the seagrass Posidonia sinuosa at a temperature 10 °C below that where the
maximum photosynthetic rates were seen. The kelp Laminaria saccharina was found to
be more susceptible to photoinhibition in superoptimal temperatures (Bruhn and Gerard
1996).

When photoinhibition occurs, there is some recovery period. Mid-afternoon
depressions in photosynthetic rates are common, and recovery usually occurs by dusk
(Long et al. 1994). Stress-induced photoinhibition, such as that induced by low
temperatures, can persist for longer periods of time and require longer recovery periods
(Long et al. 1994). Iftissues experiencing photoinhibition have not yet recovered before
light levels decrease to levels limiting to photosynthesis, the potential carbon uptake will
be reduced (Long et al. 1994). For stress-induced photoinhibition especially, this
translates into decreased efficiency in production of dry matter (Long et al. 1994).
Temperature has been shown to affect recovery from photoinhibition, with high
temperatures appearing to enhance protective mechanisms but disrupt repair processes
(Bruhn and Gerard 1996). In winter, carbohydrate reserves become important for
seagrass survival during a period of low photosynthetic rates combined with the higher
potential for photoinhibition. In summer, photoinhibition induced by high light
availability and high temperatures, combined with higher respiratory demands could lead

to net carbon losses and summer biomass declines.
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Plant Metabolism

Summer aboveground growth in Zostera marina shoots is concentrated in the
youngest 1 or 2 leaves (Kemp et al. 1987). Sucrose synthase activity, which is a general
indicator of the degree of metabolic activity and a measure of carbon demand, has been
found to decrease with increasing leaf age (Kraemer et al. 1998). This suggests that older
tissues are capable of meeting carbon demand through photosynthesis where younger
tissues are not, likely due to higher requirements for structural carbon for growth.
Growth rates at night are lower than during the day, and are correlated with growth
during the previous daylight period (Kemp et al. 1987). Kemp et al. (1987) presume that
a major portion of the photosynthetic energy gained from a given day is used for growth
both that day and the following night. Total diel biomass growth (leaf growth plus
estimated root-rhizome production) was shown to be comparable with measurements of
net oxygen production.

There is evidence for age-dependent patterns in the metabolism of eelgrass. In
terms of carbon metabolism, Harrison (1978) found that the rate of '*C uptake in Zostera
americana was 50-100% greater in mature dark leaves than in young leaves. In addition,
differences were found in the uptake along individual leaves with newly emerged leaves
having a uniform pattern of uptake, growing leaves more at the tip, mature leaves less
uptake at the tip than the middle and in old leaves all parts had low uptake rates. In
contrast, Zimmerman (1995) found no change in *C photosynthesis with leaf age, and
found that older leaves (#’s 4-5) generally lost carbohydrate where as younger leaves (#’s

1-2) gained, consistent with the belief that young leaves act as C-sinks and old leaves as
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C-sources. While these results based on '*C studies may seem contradictory, it is evident
that there are age related differences in leaf metabolism.

In oxygen-based photosynthesis measurements, there have also been
contradictory results. In one study, photosynthetic activity normalized to chlorophyll was
found to increase from the base of the youngest leaf to the tip of the oldest, with
increasing age (Mazzella et al. 1979). Chlorophyll content followed a similar pattern.
However, those measurements included the epiphytes attached to the leaves, which may
have been responsible for much of the photosynthetic activity and may have contained
significant amounts of chlorophyll. In a more recent study, it was determined that Ppax
normalized to chlorophyll at the base of leaves decreased with leaf age and also
decreased along the length of individual leaves from the base to the tip (Mazzella and
Alberte 1986). P, was lowest in areas with the highest chlorophyll content. When
expressed on an areal basis, the opposite pattern was seen, where Py, generally increased
from the base to the tip and with leaf age at the base. The difference in chlorophyll
content caused the pattern - chlorophyll content per leaf area increased with leaf age in
the basal portion and the mid and tip sections were higher than base, but not necessarily
increasing from base to tip (Mazzella and Alberte 1986). Despite these contradictions, it
1s clear to expect some age-related differences in the metabolic processes of leaves.

An age-related pattern also exists in belowground tissues. The respiration rates in
roots decline exponentially with increasing age and in rhizomes decrease linearly with
age (Kraemer and Alberte 1993). Respiration in rhizomes is also an order of magnitude

less than that in roots (Kraemer and Alberte 1993).
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Respiration of below-ground tissues represents 10% of the total daily carbon
demand (Zimmerman et al. 1997). From a population with a below ground tissue
biomass 20-26% of the total plant biomass, Kraemer and Alberte (1993) estimated
respiration by the belowground tissues represented <15% of the gross photosynthetic
production at shallower depths, increasing to 25% at the deep edges. They conclude that
since belowground respiration represents only 10-15% of the total plant respiration, plant
carbon balance is strongly controlled by shoot carbon metabolism (Kraemer and Alberte
1993).

Translocation from above- to below-ground tissues of Z. marina averages 17% of
the carbon fixed by leaves on a per gram dry weight basis (McRoy 1974). Translocation
is inhibited when the roots become anoxic but can continue without active photosynthesis
provided there is sucrose in the leaves and the roots stay aerobic (Zimmerman 1996).
The reduced sucrose consumption under anoxia conserves sucrose resources and
enhances tolerance of roots to anoxia (Zimmerman 1996). Root carbon consumption
during anoxia decreases to 65% of the rate under aerobic respiration (Smith et al. 1988).
In a carbon balance model for Zostera marina, Kraemer and Alberte (1993) assumed that
root/rhizome respiration was aerobic when light was above the half-saturation level (100
umol photons m™s™) and respired anaerobically otherwise.

Oxygen transport from leaves to the roots/rhizomes supports aerobic root
respiration, often exceeding respiratory requirements and leading to O; release to the
rhizosphere (Sand-Jensen et al. 1982, Smith et al. 1984, Caffrey and Kemp 1991).
Oxygen release occurs only under illumination thus appearing to be directly linked to

photosynthetic oxygen production (Caffrey and Kemp 1991). O, release is partly
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determined by the amount of active photosynthetic tissue (Smith et al. 1984). The

amount of oxygen released from roots can range from 1% (Sand-Jensen et al. 1982) to
10% (Caffrey and Kemp 1991) of apparent photosynthesis. In laboratory studies using
two-compartment, hydroponic chambers, Caffrey and Kemp (1991) found that a decline
in photosynthesis combined with an increase in respiration in summer led to a net uptake,
not release, of O, from the surrounding water by eelgrass roots. They concluded that the

respiratory demand of roots controls the O; release.

Fluorescence

Light energy absorbed by chlorophyll molecules in a leaf can have one of three
fates: 1) it can drive the primary photochemical reactions initiating photosynthesis
(Krause and Weis 1991); 2) excess energy can be dissipated as heat or, 3) it can be re-
emitted as light (chlorophyll fluorescence) (Maxwell and Johnson 2000). Because these
processes compete, measuring changes in chlorophyll fluorescence yield gives
information about photochemistry and heat dissipation (Maxwell and Johnson 2000). At
room temperature, chlorophyll fluorescence originates primarily from antenna system
chlorophyll a (chl-a) in photosystem II (PSII) (Krause and Weis 1991), particularly the
variable fluorescence (the fluorescence increase observed with illumination) (Schreiber
and Bilger 1987). Closure of photosystem I (PSI) reaction centers does not contribute to
variable fluorescence because the excess excitation energy there is dissipated as heat
(Krause and Weis 1991). Fluorescence yield is minimal when all PSII reaction centers
are “open”, or the primary electron acceptor Q, is oxidized, and maximal when all PSII

reaction centers are “closed”, or Q4 is fully reduced (Krause and Weis 1991).
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Chlorophyll fluorescence measurements are rapid and minimally invasive, and
can give good information on light conditioning, photosynthetic capacity and efficiency
of PSII (Ralph et al. 1998). Fluorescence measurements in both the laboratory and the
field allow differentiation between the relative contributions of various stress factors such
as heat or light (photoinhibition) to reductions in photosynthetic CO, uptake (Schreiber
and Bilger 1987).

All processes which lower chlorophyll fluorescence yield below the maximum are
termed “quenching”, and can be both photochemical and non-photochemical (Krause and
Weis 1991). Fluorescence quenching is influenced by environmental stresses such as
light and temperature, both above and below optimal levels (Krause and Weis 1991).
Photochemical quenching measures photochemical energy processing (Ralph et al. 1998).
In other words, it measures the transfer of energy used to drive photosynthetic reactions
from excited chlorophyll molecules in the light harvesting complexes. The rate of
excitation trapping at PSII is dependent upon the redox state of the primary electron
acceptor, Q, (Schreiber and Bilger 1987). A simple linear relationship between
photochemical quenching and carbon assimilation rate might be expected at steady state
and with continuous illumination (Schreiber and Bilger 1987). However, decreases in
assimilation rate in the presence of high O; or low CO; due to photorespiration may not
be accompanied by a decrease in photochemical quenching (Schreiber and Bilger 1987).
When CO; binds with the enzyme rubisco in the Calvin cycle, the reaction produces
molecules used in the synthesis of glucose. Photorespiration is a wasteful reaction in
which O, binds with rubisco instead of CO,, decreasing carbon assimilation.

Photorespiration can also occur at high light intensities (Beer et al. 1998).
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Non-photochemical quenching can originate from either the antenna system or the
PSII reaction center (Falkowski and Raven 1997). Most non-photochemical quenching is
caused by energy dependent quenching, or the formation of a proton gradient on the
thylakoid membrane (Schreiber and Bilger 1987). The fastest response to excess light is
the increase in heat loss associated with development of the transthylakoid ApH gradient
(Long et al. 1994). The other alternative to preventing over-excitation of PSII is to
increase the rates of electron transport processes, such as cyclic electron flow around PSII
and the Mehler reaction (Long et al. 1994). These electron transport reactions contribute
only a small amount relative to photosynthetic carbon metabolism but may be critical in
allowing the establishment of the transthylakoid ApH and further heat dissipation through
the xanthophyll cycle (Long et al. 1994). Non-photochemical quenching in the antenna
system is primarily due to the xanthophyll cycle, a photoprotective mechanism
(Falkowski and Raven 1997). Because the development of the transthylakoid ApH
gradient occurs at relatively low light levels, it is assumed to act in conjunction with the
xanthophyll cycle to increase heat loss through higher light intensities (Long et al. 1994).

The pulse-amplitude modulated (PAM) fluorometer can give information on
effective quantum yield (AF/Fm’), maximum quantum yield (Fv:Fm) and electron
transport rate (ETR) (Ralph et al. 1998). Measurements are simple, non-destructive, and
rapid (Schreiber 2004). The light source used to measure fluorescence is modulated, or
rapidly switched on and off at a high frequency (Maxwell and Johnson 2000). The
detector system ignores all signals except for the fluorescence excited by the measuring
pulses (Schreiber and Bilger 1987). The wavelength and intensity of the measuring light

is designed such that it does not drive photosynthesis. If a sample is dark-adapted, the
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recorded signal gives the minimal fluorescence yield (Fo), and will show the
characteristic Kautsky effect when actinic light (light driving photosynthetic reactions) is
turned on (Schreiber and Bilger 1987). The Kautsky effect is the observed fluorescence
rise through intermediate and peak levels and subsequent decay to a value close to Fo
(Schreiber and Bilger 1987).

The quantum yield of PSII electron transport can be estimated from
measurements of minimal and maximal fluorescence (Genty et al. 1989). The minimum
fluorescence yield (Fo) is a measure of the initial energy distribution to PSII and
efficiency of excitation trapping (Schreiber and Bilger 1987); all PSII reaction centers are
open. The maximal fluorescence yield (Fm) is measured during a short saturating pulse
which causes all PSII reaction centers to close (Beer and Bjork 2000). The dark-adapted
ratio of variable to maximum fluorescence, maximum quantum yield,

Fv _Fm-Fo

Fm Fm

Eq. 1

is a measure of the potential yield of photochemical reaction of PSII, or photosynthetic
efficiency, and is a sensitive indicator of plant photosynthetic performance (Krause and
Weis 1991). A diagram showing the types of fluorescence measurements obtained
through the saturation pulse method is given in Figure 1. The fluorescence parameters
and their equations are summarized in Table 1. Optimal values of Fv/Fm fall in a narrow
range for leaves of many different terrestrial species, and are around 0.832 + 0.004
(Krause and Weis 1991). These values decrease when the plant is exposed to
environmental stresses affecting PSII efficiency, particularly photoinhibition (Krause and

Weis 1991, Maxwell and Johnson 2000).



Figure 1. Diagram showing different fluorescence measurements (Walz 1998). After
dark adaptation, all reaction centers are open and fluorescence is nominal. A saturation
pulse of very bright light closes all of the reaction centers, giving the maximal
fluorescence yield. When the sample is light-adapted, the steady-state fluorescence is
higher than the absolute minimal because some traps are closed. Another saturation pulse
gives maximal fluorescence again. However, this time is lower because other non-
photochemical processes are active (e.g. heat loss).
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The variable to maximum fluorescence ratio measured under ambient light gives

the effective quantum yield of electron transport through photosystem II

_ Fm'-Ft
Fm'

AF/Fm' Eq. 2

(Maxwell and Johnson 2000). It is determined by the light saturation method like Fv/Fm,
except the sample is not initially dark-adapted and subsequently some of the PSII
reaction centers are already closed at the minimal fluorescence measurement (Beer and
Bjork 2000). Effective quantum yield (AF/Fm’) measures the proportion of light
absorbed by PSII chlorophyll that is used in photochemistry (Genty et al. 1989, Maxwell
and Johnson 2000). AF/Fm’ is dependent on ambient photosynthetic photon flux density
(PPFD) (Ralph et al. 1998) and gives a measure of the rate of linear electron transport
and an indication of overall photosynthesis (Maxwell and Johnson 2000). Changes in
non-photochemical processes involved in deactivation of excitation within PSII influence
this quantum yield (Genty et al. 1989). Recent light history strongly influences seagrass
photosynthetic responses (Ralph et al. 1998, White and Critchley 1999).

Fluorescence quantum yield is used to calculate the linear electron transport rate
through photochemical reactions;

ETR = AF/Fm*PFDa * 0.5 Eq.3
where PFDa is the light absorbed by the leaf and 0.5 accounts for equal partitioning of
quanta between PSI and PSII (Genty et al. 1989). PFDa can be calculated as incident
irradiance (PAR) times an absorption factor for the leaf (AF) (Beer et al. 1998, Beer and
Bjo6rk 2000). In the absence of an accurate absorption factor, relative ETR can be
monitored by multiplying AF/Fm’ by incident light and is the simplest fluorescence

parameter to measure (Maxwell and Johnson 2000, Beer et al. 2001).
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Rapid light curves (RLC) plot ETR versus irradiance and can be used to

determine the photosynthetic rate (as irradiance-dependent PSII electron transport) of in
situ seagrass leaves (Ralph et al. 1998, Schwarz et al. 2000). RLC are similar to P-I
curves and provide parameters such as maximum ETR (ETR.y) and minimum saturating
irradiance (Iy) (Ralph et al. 1998, Schwarz et al. 2000). However, during a rapid light
curve, the plant is exposed to increasing light intensities for only very short periods of
time (on the order of seconds), and steady photosynthetic rates are not achieved with each
light step as in P-I curves. Rapid light curves and associated parameters are species-
specific and can demonstrate photoinhibition in seagrasses (Ralph et al. 1998). ETRpmax
has been shown to vary diurnally for seagrasses, increasing in the morning to a plateau or
even mid-day depression and decreasing to sunset (Ralph et al. 1998).

Fluorescence information is complementary to gas exchange measurements,
giving relative rates and information on specific steps limiting overall photosynthetic
performance (Schreiber and Bilger 1987). Under many conditions, the electron transport
rate through PSII is indicative of the overall rate of photosynthesis (Maxwell and Johnson
2000). Under laboratory conditions, correlations have been demonstrated between
fluorescence measures (photochemical quenching and AF/Fm’) and simultaneous gas-
exchange measures of photosynthesis (O, evolution or CO; uptake) (Schreiber and Bilger
1987, Beer et al. 1998). Genty et al. (1989) found a linear relationship between quantum
yield (mol CO; assimilated per mol photons absorbed) and yield measured by
fluorescence for C3 and C4 plants. While PSII electron transport and CO, fixation can
correlate well under laboratory conditions, discrepancies may exist under certain stress

conditions and the correlation can break down under field conditions (Maxwell and
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Johnson 2000). Discrepancies can be caused by changes in the relative rates of
photosynthesis and competing processes like photorespiration, nitrogen metabolism, and
the Mehler reaction (pseudocyclic electron flow) (Schreiber and Bilger 1987, Maxwell
and Johnson 2000). Increasing the rates of electron transport processes to prevent over-
excitation of PSII, such as cyclic electron flow around PSII, the Mehler reaction and
nitrogen metabolism (Long et al. 1994) decreases carbon assimilation relative to electron
transport rate. Oxygen evolution and carbon fixation are both reduced relative to PSII
electron transport rate during photorespiration.

The correlation between fluorescence and gas exchange measures of
photosynthesis has been demonstrated specifically for PAM techniques using both
terrestrial plants and phytoplankton, but the data for aquatic macrophytes remains sparse.
Linear relationships have been observed between yield measured with the PAM
fluorometer and both O, evolution and CO, fixation for terrestrial higher plants (Krall
and Edwards 1991, Edwards and Baker 1993). Few studies have attempted to compare
'4C- and fluorescence-based primary production measurements for phytoplankton (Hartig
et al. 1998). In a study using microphytobenthos, Hartig et al. (1998) found the best
correlations between the methods when they compared P.,x (R=0.82) and alpha (R=0.83)
derived from P-I curves using carbon uptake to Pp,x and alpha derived from P-I curves
using electron transport rate. Deviations between the methods were seen at both high and
low irradiances; those in low light might be explained by spectral differences in the light
sources, but the high light deviations have no good explanation (Hartig et al. 1998).

In seagrass research, fluorescence measurements have been compared with O,

evolution with mixed results. Beer and Bjérk (2000) compared gross photosynthesis
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(corrected for dark respiration) as O, evolution to ETR for two tropical seagrasses
(Halophila ovalis and Halodule wrightii). The theoretical molar ratio of O, evolution to
ETR should be 0.25 (4 mol electrons transported per mole O; evolved or CO, fixed)
(Beer and Bjork 2000). For H. ovalis, the average relationship was linear with the molar
ratio of O, evolution to ETR equal to 0.28 (Beer and Bjérk 2000). However, a more
curvilinear relationship was found for H. wrightii, with a ratio of 0.57 at low irradiance
and 0.26 at the highest irradiance (Beer and Bjork 2000). It is possible that increasing
rates of photorespiration accounted for part of the ratio decline at high irradiance (Beer
and Bjork 2000). The authors suggest that the disagreements between measured and
theoretical ratios could be due to imprecise incident and calculated absorbed irradiance
measurements (Beer and Bjork 2000). They concluded that PAM fluorometry can be
used to determine photosynthetic performance in seagrass, but caution the need for
determining accurate absorption coefficients (Beer and Bj6rk 2000).

Beer and Bjo6rk’s (2000) results were similar to those found for three different
seagrass species in an earlier comparison between photosynthetic O, evolution and ETR
(Beer et al. 1998). O, evolution and ETR varied linearly for Cymodocea nodosa but at
high irradiances, decreasing rates of O, evolution relative to ETR were observed for
Halophila stipulacea and Zostera marina (Beer et al. 1998). The molar ratio of O,
evolution to ETR was 0.3 for C. nodosa, close to the theoretical value of 0.25, but was
different for the other two species using the linear range of the data (0.12 for A.
stipulacea and 0.5 for Z. marina) (Beer et al. 1998). Beer et al. (1998) concluded that the
decrease in O; evolution relative to ETR at high irradiance was likely due to

photorespiration since the one species not demonstrating the deviation (C. nodosa) does
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not photorespire. Discrepancies in the molar O, to ETR ratio from the theoretical were
attributed to problems from inexact irradiance determinations, potentially worsened by
the experimental difficulties in light exposure overall versus where fluorescence was
measured within the chamber (Beer et al. 1998).

Other factors may have added to the problems experienced specifically with
Zostera marina. The Z. marina used was an intertidal population, and field work was
performed on air-exposed plants (Beer et al. 1998). It was studied during the low light
season, and had a low light saturation point as measured by ETR and decreasing rates at
higher irradiances (photoinhibition) (Beer et al. 1998). While correlation of fluorescence
parameters to O, evolution has been determined for a few seagrass species, correlation to
CO, assimilation is theoretically possible, but has not yet been demonstrated. As models
tend to use carbon as a common currency, this correlation needs to be determined. A

photosynthetic quotient of 1.0 should not necessarily be assumed.

Photosynthetic Quotient

The photosynthetic quotient (PQ) is defined as the molar ratio of oxygen evolved
to carbon assimilated; conversely, the respiratory quotient (RQ) is defined as the molar
ratio of carbon respired to oxygen consumed and provides information on the reduction
level of respired carbon (Falkowski and Raven 1997). By stoichiometry, the PQ for the
synthesis of glucose is 1.0, and is based upon the general equation for photosynthesis: 6
CO; + 6 H,O — C¢H ;206 + 6 Oy (Burris 1981). When the end products of
photosynthesis are more reduced compounds than glucose, such as lipids, the PQ is

greater than 1, while the PQ is less than 1 for more oxidized compounds such as organic
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acids (Burris 1981). Typical PQ values for marine phytoplankton range from 1.1-1.3,

with 1.25 being the generally accepted median value (Clavier et al. 1994).

The nitrogen source (NH4" or NO;3") will also affect the PQ (Burris 1981). The
reduction of NO; to NH," requires 8 electrons at the expense of CO, reduction, and
increases the PQ (Falkowski and Raven 1997). For example, with NH," as the nitrogen
source, production of saturated fatty acid (-CH,-) gives a PQ=1.5, nucleic acid
(C38H47028N15P4) PQ=0.98 and protein (C;3H2406Ns) PQ=1.01 (Williams and Robertson
1991). With NOs’ as the nitrogen source, these ratios change to 1.5, 1.78 and 1.57,
respectively (Williams and Robertson 1991). The end products produced depends more
on species and ontogenetic stage of the plants than on environmental conditions (Pokorny
et al. 1989).

The PQ may also be reduced if a plant is photorespiring, as at least 3 O are
consumed for every CO; released during photorespiration (Burris 1981). The product of
photorespiration, glycolate (C;H303), gives a PQ = 0.625 (Williams and Robertson
1991). Photorespiratory activity is in turn influenced by the O,:CO, concentration ratio
of the surrounding water, temperature and irradiance; low CO, or high O,, temperature or
irradiance can all favor photorespiration (Pokorny et al. 1989).

For the unicellular alga Pycnococcus provasolii, Iriarte (1999) found apparent
PQs (range 0.7-4.2) decreased with increasing irradiance above saturation. Depression of
photosynthetic rates at high irradiances was seen in the oxygen P-I curve but not the
carbon P-I curve, implicating photorespiration as opposed to damage of the

photosynthetic apparatus (Iriarte 1999). Iriarte (1999) also found that the PQ’s were
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generally higher for algae grown at higher irradiances than those grown at lower
irradiances.

Burris (1981) saw decreases in the PQ of marine algal suspensions during
incubations as O, increased and CO, decreased, likely due to photorespiration; at low O,
the PQ was 1.0-1.8, while at high O, the PQ ranged 0.1-1.0. The effect of O, versus CO,
availability was tested by changing the carbon concentration (Burris 1981). Burris
(1981) found similar PQs at similar O, concentrations even with different carbon
concentrations.

Williams and Robertson (1991) found a bimodal range (0.5-3.5) of algal PQ’s in
an analysis of previous datasets. Many of these ratios were higher than expected, and
would be possible on a biochemical basis only with unconventional metabolites being
produced, such as dimethylsulfide or methane (Williams and Robertson 1991). They
concluded that the high PQ values were due to systematic errors in paired O, and *CO,
measurements (Williams and Robertson 1991). Using high precision analytical methods
and taking error into account, Williams and Robertson (1991) found PQs in the range 1.0-
1.36, typical for an algal cell with a conventional metabolism.

Predicted PQ’s would be lower for macroalgae having lower C/N ratios than for
phytoplankton with high C/N ratios, and with ammonium as the nitrogen source, the PQ
upper limit would be lower (Rosenberg et al. 1995). Rosenberg and colleagues (1995)
found PQs for 5 seaweed species was generally less than 1.0, and ranged from 0.42-1.01.
The PQ did not significantly differ among seaweeds, and was not affected by nutrient

enrichment or shade adaptation (Rosenberg et al. 1995). These low values were not
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expected and could have been caused by photorespiration, but the authors did not find
that likely (Rosenberg et al. 1995).

In a study using 5 aquatic macrophytes, Pokorny et al. (1989) demonstrated that
the PQ is dependent on pH, irradiance and temperature. They found PQs of plant
segments in most cases less than 1.0, and a PQ rise with decreasing free CO,
concentration at low irradiance (Pokorny et al. 1989). Pokorny et al. (1989) caution
against using 1-1.2 because their measurements often indicated PQs < 1.0 for aquatic
macrophytes. However, it is possible that their data were affected by photorespiration.
Moeslund et al. (1981) found PQs for freshwater macrophytes in the range of 0.898-0.949
in situ and in the range of 0.33-1.73 (RQ: 0.66-2.40) for excised leaves in the laboratory.
In a study using Potamogeton perfoliatus, Kemp et al. (1986) found the overall mean PQ
ranged 0.9-1.6.

Another factor to consider when measuring photosynthetic quotients in vascular
plants is the lacunal system and potential errors to gas exchange measurements. The
lacunae can influence results based on gas exchange by means of storage, recycling and
translocation of metabolic gases (Kemp et al. 1986). If transport of oxygen from leaves
to roots were significant, the PQ of whole plants should be much less than one and much
less than the PQ of excised shoots (Moeslund et al. 1981). Using 5 species of aquatic
macrophytes plus an alga and a moss having no arenchyma for comparison, Moelsund et
al. (1981) found only a short lag (3-5 min) between changes in rates of carbon uptake and
variation in irradiance. PQ values close to one suggested that estimated PQs were not
lowered much by transport of oxygen to the sediments (Moeslund et al. 1981). Lags for

species having no arenchyma and no lacunal system were not significantly different from
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the vascular species (Moeslund et al. 1981). The mean PQ of whole plant communities
in situ was within the range of that for excised shoots, and only slightly less than one
(Moeslund et al. 1981). The authors concluded that storage and translocation of
metabolic gases was not an important confounding factor (Moeslund et al. 1981). Kemp
et al. (1986) concluded that lacunal O, storage and recycling, as well as root release of O,
to the rhizosphere for Potamogeton perfoliatus were all minor sources of error in

production measurements by O, techniques.



OBJECTIVES/HYPOTHESES

The overall objective of the research was to determine the utility of using short-
term chlorophyll-a fluorescence measurements via PAM technology to model long-term
growth and productivity of Zostera marina. This was done through a combination of
laboratory studies and modeling empirical relationships between chlorophyll-a
fluorescence parameters (rETRx) and gas exchange measures (O;) of photosynthesis.
These relationships were then used to modify the equations governing photosynthesis in
an existing seagrass ecosystem model that has been validated for lower Chesapeake Bay
communities (Wetzel and Neckles 1986). Re-formulation of the photosynthesis
equations required determination of photosynthetic and respiratory quotients, scaling
factors to convert data generated from excised leaf sections to the scale of whole plants,
and any environmental effects on these factors (i.e. salinity). The hypotheses are as
follows:

e The photosynthetic and respiratory quotients are not affected by salinity
- Photosynthetic and respiratory quotients could be affected by salinity through
amino acid synthesis used in osmoregulation.
e Photosynthesis and respiration rates from excised leaf pieces are the same as those
from intact plants.

- Whole plants contain leaves of all ages which may not photosynthesize or

respire at the same rate as the single age excised leaf piece. In addition, whole
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plants have root/rhizome systems which may affect respiratory rates for the
whole plant.
The relationship between rETRmax and photosynthesis measured by oxygen
exchange is the same for whole plants as for excised leaf pieces.
- Translocation of metabolic products through the lacunal system of whole
plants might change this relationship.
Short-term fluorescence measurements are good indicators of photosynthetic
performance and growth as demonstrated by comparison of simulated biomass,
net primary production, gross primary production and respiration to that of the

original validated model.
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METHODS

Field Site

The field site used to obtain plant samples is shown in Figure 2. Located in the
lower York River estuary, Goodwin Islands is part of the Chesapeake Bay National
Estuarine Research Reserve in Virginia (CBNERRVA). It is a polyhaline site surrounded
by extensive (120 hectares), well-established and well-studied seagrass beds (Buzzelli et
al. 1998). The CBNERRVA program maintains a NERRS System-Wide Monitoring
Program water quality station at this site, providing semi-continuous (15 minute interval)
physio-chemical data. Measured water quality parameters include temperature, specific
conductance, dissolved oxygen, water column fluorescence, pH and turbidity. There also
exists at VIMS a long-term (15 years) database of bi-weekly water quality measurements
for this site. A well-tested seagrass ecosystem model capable of predicting long-term
plant growth and survival has been previously developed for the lower Chesapeake Bay,

and is applicable to Goodwin Islands (Wetzel and Neckles 1986).

Laboratory

Cores (10 cm diameter) containing Zostera marina were collected from the
southeastern side of the Goodwin Islands site, near the NERRS monitoring station, on
October 17, 2002. At the time of collection, water temperature was 19.1°C and salinity

was 24.1 psu. Cores were transported in coolers containing ambient seawater back to
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the laboratory where they were randomly allocated to tanks in an environmentally (light
and temperature) controlled chamber. Cores were held in 10-gallon aquaria (approx. 25 x
50 x 30 cm) containing 0, 15 or 35 psu water for three days to allow the salinity to
stabilize. The cores were then transferred to small (15 x 30 x 25 c¢cm) tanks of 0, 15 and
35 psu salinity for treatment. The different salinities were made using a combination of
ground (well) water and ocean water from Wachapreague, VA, which was amended with
Crystal Sea® to achieve 35 psu. For each salinity treatment there were three replicate
tanks, each containing two cores, giving a total of 9 tanks and 18 cores. From each
treatment tank, one core was used for the photosynthetic/respiratory quotient experiment
and one was used for the scaling experiment; leaf pieces used for the scaling experiment
also came from plants in either of these two cores. Plants were allowed to acclimate for a
period of 4 days in the treatment tanks prior to experimentation (Goldsborough and
Kemp 1988, Goodman et al. 1995).

The environmental chamber was held at approximately 400 pmol photons m?s’
PAR on a 12-hour photoperiod and at 17°C. Ambient air was bubbled in the tanks
continuously using airstones, and water was added or changed as necessary to maintain
salinity and water level. Salinity and temperature were monitored daily using a salinity,
conductivity and temperature meter (YSI, 30, Yellow Springs, OH). The water in the
tanks was usually a couple of degrees warmer than the setting for the environmental
chamber due to heating from the lights, so the chamber temperature was dropped to 15°C
to maintain 17°C in the tanks during the daylight period.

Water samples were taken from each treatment tank weekly for inorganic nitrogen

and dissolved inorganic carbon (DIC) analysis. Nitrate and nitrite were measured using a
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nutrient autoanalyzer (Alpkem, 3570). Ammonium was measured using a phenol
hypochlorite method (Solorzano 1969). DIC was measured with an infrared gas analyzer
(LI-COR Inc., 6252, Lincoln, NE) (Salonen 1981, Kemp et al. 1986, Neubauer et al.
2000). 100 pl samples were injected into 0.05 N H,SOs, which was continuously sparged
with N,. DIC was calibrated using 0.5, 2.0, 5.0 and 10.0 mM Na,CO; standards. As
given in the introduction, nitrogen availability can be an important factor in the
photosynthetic and respiratory quotients (PQ/RQ). Also, it is important to verify that the
plants are not limited by carbon. The detection limits for these methods are: NO,/NO;
0.012 uM, NH; 0.1 pM, DIC 0.02 mM.

The incubation media used for all experiments was either 0, 15 or 35 psu salinity,
filtered to 0.45 um. An attempt was made to control DIC and nitrogen concentrations
across the salinities. Incubation media nitrogen concentrations were relatively high as an
attempt was made to equalize inorganic nitrogen species across the salinities; the
ammonium was higher in the fresh water and the nitrate was higher from artificial sea
salts in the 35 psu water. Very small amounts (< 1 ml) of 2 M Na,CO; solution were also
added to the incubation media to equalize DIC across salinities and to insure that carbon
would not be limiting. DIC in the incubation media was > 2.0 mM for all salinities, and
should have been sufficient to be non-limiting for photosynthesis (Hellblom and Bjérk
1999). Table 2 shows the mean nitrogen concentrations for the incubation media. The
nitrogen levels used during the incubations were not so high that they could have induced

toxicity effects (van Katwijk et al. 1997).



Table 2. Nitrogen concentration in incubation water. Means and standard errors (se) of
media used for all trials under a particular salinity level.

NO,+NO; (UM) | NH, (uM)
0 psu mean 2215 <0.10
se 0.29
15 psu mean 19.27 1.26
se 4.82 0.1
35 psu mean 18.06 2.48
se 0.86 0.04
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Whole Plant Measurements

Net apparent photosynthesis, dark respiration, root respiration and chlorophyll
fluorescence (rapid light curves) were measured on whole plants incubated in a split-
design chamber. The incubations took place inside of the environmental chamber to
control temperature. Additional light was provided by two semi-circular light banks,
each containing 6 vertically-oriented warm white fluorescent bulbs. Different light levels
were attained by covering the chamber with Lumite shade cloth of varying densities. A
small fan was placed above the chamber during the incubation to provide air circulation
and control temperature.

The large experimental chamber is made of Perspex and consists of two sections,
one for leaves and the other for root/rhizomes (Figure 3). Split-chambers separating
above- and below-ground biomass have been used before to study whole plant
metabolism (Wetzel and Penhale 1979, Sand-Jensen et al. 1982, Smith et al. 1984, Kemp
et al. 1986, Caffrey and Kemp 1991). What is unique about this chamber design is that it
has mounted leaf clips and ports for the fiber optics to allow for concurrent fluorescence
measurements. The chamber has several components which make plant handling easier;
it consists of a base, an outer clear acrylic tube and a lid fitted with leaf clips and the
separation plate. The root/rhizome section of the chamber is darkened via an opaque
PVC tubing which fits inside of the acrylic tube. O-rings prevent water from exchanging
between the upper and lower sections. Whole plants are held in place in the separation
plate with blue tack putty such that water will not exchange between sections. Both
sections are continuously stirred using magnetic stirrers mounted in the base and lid. Dye

studies demonstrated that mixing was rapid and uniform within the chamber. A water
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reservoir is attached to each section to allow for water replacement when water samples
are taken. The leaf section also contains ports in the top for 2-mm fiber optics and the
leaf clips to allow for fluorescence measurements. The volume of the leaf section is
0.700 L and the root section is 0.406 L.

Originally, it was planned to use a peristaltic pump to continuously pump water
from each section into small chambers (Hansatech, DW2, King’s Lynn, UK) fitted with
modified lids and Clark-type polarographic oxygen electrodes for oxygen measurement.
Water samples for DIC analysis were to be collected by means of a stopcock between the
pump and the small chambers. The original set-up is shown in Figure 4a. During
preliminary trials however, it became evident that dissolved gas in the water would
equilibrate with the atmosphere through the peristaltic pumping action, despite the gas
permeability of the tubing used. This configuration was abandoned in favor of measuring
oxygen directly inside each section of the chamber with Clark-type oxygen
microelectrodes (Microelectrodes Inc., MI-730, Bedford, NH) (Figure 4b). Voltages
were recorded every three minutes using multimeters (Fluke, 189, Everett, WA). Oxygen
readings were calibrated against a two point curve, 0 and air-saturated water, by taking 5
readings each of incubation media bubbled with N, or with air, maintained at 17+0.5°C
with a water bath. The oxygen concentration in air-saturated water was determined using
USGS tables (Wilde et al. 1998) for O, solubility in water at varying temperatures and
atmospheric pressures, using the conductivity correction. Conductivity of the incubation
media was measured using a salinity, conductivity and temperature meter (YSI, 30,

Yellow Springs, OH).



Figure 4. Diagram of large chamber incubation set-up, a) initial set-up b) set-up used for
experiments.
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For these whole plant incubations, an entire core was randomly selected and the
plants carefully removed by sliding the sediment and plants from the core tube under
water. The sediment was then rinsed from the belowground material by gentle agitation
in the water. Six plants were selected and the epiphytes removed by gently wiping leaves
with a tissue. For root/rhizome respiration measurements, the rhizomes were cut at the
6™ internode to standardize the plant material, and the ends were coated with silicone
grease (Smith et al. 1984, Caffrey and Kemp 1991) to prevent gas leakage from the cut.
The second youngest (#2) leaves of two plants were selected and placed in the leaf clips
such that the 2-mm fiber optic was directed at the lower-mid portion of the leaf for rapid
light curve (RLC) measurements. This corresponds to the portion of the leaf used for the
leaf-piece experiments (see following section). The fiber-optic was adjusted to be ~ Imm
from the leaf surface.

To decrease the possibility of photorespiration, the oxygen concentration was
reduced prior to experimentation by bubbling with N, gas (Kemp et al. 1986). The
starting concentrations were 24-30% of air saturation for the PQ/RQ determination and
20-41% for the P-I curve incubations. At the end of these incubations, the oxygen
concentration was 45-103% of air saturation for the PQ/RQ determination and 42-136%
for the P-I incubations. The chamber was filled by siphoning the incubation media into
the Perspex tube, already containing the root section darkening tube. Next, the top
section containing the plants and the separation plate was put into place and screwed
down. The lower section was then emptied and refilled with media which had been
sparged with N to further reduce the O, (Wetzel and Penhale 1979, Sand-Jensen et al.

1982, Smith et al. 1984, Kemp et al. 1986, Caffrey and Kemp 1991). The oxygen in the
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root section at the start of the incubation period was 4.7-11.7% for the PQ/RQ

determination and 4.1-15% for the P-I incubations, and at the end were 13.2-29.7% and
10-32%, respectively. The seal between compartments was checked by looking for air
bubbles appearing in the upper chamber after the root/rhizome section had been emptied.
After each whole plant trial, the plant material was separated into above- and
below-ground components and fresh weight recorded. Leaf area was measured using a
leaf area analyzer (LI-COR Inc., 3100, Lincoln, NE) and a subsample (approximately 1
cm®) was removed from the lower-mid portion of the #2 leaf where the RLCs were
measured and frozen for later chlorophyll analysis. Leaf chlorophyll was extracted using
80% acetone buffered with 0.1% diethyl amine (Wellburn 1994). Absorbance was
measured on a spectrophotometer (Shimadzu, UV-1601) and chlorophyll concentration
determined by the equations of Dennison (1990). Both above- and below-ground
components were dried in a 50°C oven for 48 hours or until a constant weight was
reached (dry weight), and ground in a Wiley mill (#40 screen). A portion of the ground
material was weighed into ashed silver cups for total carbon and total nitrogen analysis
using an elemental analyzer (Fison, EA 1108) (Strickland and Parsons 1972, Dawes and
Kenworthy 1990). Prior to C/N analysis, samples were acidified by adding 1-2 drops of
10% HCI to remove carbonates. Excess acid was evaporated by placing the cups on a hot
plate, the acidification step was repeated and the samples allowed to dry overnight in a
50°C oven before analysis. The remainder of the ground plant material was ashed in a
500°C furnace to determine ash free dry weight. A summary of the methods is found in

Table 3.
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Plant Tissue Measurements

Net apparent photosynthesis, dark respiration and chlorophyll fluorescence (rapid
light curves) were measured for excised leaf pieces incubated in a small (2.0 ml) chamber
(Hansatech, DW2, King’s Lynn, UK) fitted with a Clark-type oxygen electrode. A re-
circulating water bath was used to maintain temperature and light was supplied by a
Fostec fiber optic light source, using a high-intensity halogen bulb.

To decrease the possibility of photorespiration, the oxygen concentration was
reduced prior to experimentation by bubbling with N, gas (Kemp et al. 1986). The
starting concentrations were 24-34% of air saturation. At the end of the incubations, the
oxygen concentration was never above 100% of air saturation for the leaf pieces (29-
60%).

The lower-mid portion of the #2 leaf (1.5-2.0 cm) was used in the plant tissue
incubations. Leaf pieces were cut from plants in randomly-selected cores in the treatment
tanks, and care was taken to make all leaf cuts under water. Each replicate treatment tank
contained two cores, one for the photosynthetic and respiratory quotient experiment and
another for the scaling experiment. Leaf pieces were taken from plants contained in these
two cores, and care was taken to avoid selection of plants containing cut leaves for the
whole plant incubations. After the trial, the leaf area was measured (length x width)
using calipers, leaves were weighed for fresh weight and then frozen for later chlorophyll

analysis. Leaf chlorophyll was determined as above.
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PQ/RQ Experiment

To determine the photosynthetic and respiratory quotients, oxygen and dissolved
inorganic carbon were measured during incubations using whole plants in the Perspex
chambers. To measure respiration, the chamber was darkened with two layers of black
plastic for 4 hours. Plants were then exposed to 236 umol photons m™ s™ PAR for a
period of 4 hours. The light level was chosen to be high enough to saturate
photosynthesis (Dennison and Alberte 1985) but not so high as to possibly induce
photorespiration.

Every 30 minutes during both dark and light treatments, water samples were taken
for DIC analysis and temperature measurement. 15 ml of water was first taken to rinse
the sample line. Each replicate DIC sample required 14 ml. An additional 20 ml was
taken and the temperature measured with a thermistor. Water samples were taken from
both the leaf and root/rhizome sections. Samples were also taken from the reservoirs for
DIC analysis and oxygen levels were measured at the beginning and end of each
experiment trial.

For each section, the molar change in oxygen and dissolved inorganic carbon was
determined from the measurements taken every 30 minutes, corrected for dilution by the
reservoir water. Whole plant metabolic rates were determined by summing the corrected
changes for both sections, and regressing the points against time. The photosynthetic
quotient was then calculated as the ratio of the molar change in oxygen to the molar
change in DIC; the respiratory quotient was calculated conversely.

The oxygen-based photosynthetic and respiratory rates were also calculated for

each 30-minute time step, using approximately the last 20 minutes of readings. This
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allowed a few minutes stabilization of the microelectrode readings after collecting the
water samples. Net apparent photosynthesis was calculated as the total oxygen
production in the light for both leaf + root sections. Similarly, total plant respiration was
calculated as the total oxygen consumption in the leaf + root sections while in the dark.
Gross photosynthesis is then defined as net apparent photosynthesis corrected for total
plant respiration. This treatment of the data is similar to that of Caffrey and Kemp
(1991). Root/rhizome O, release is defined as the O, increase in the root section while
the plants were illuminated. Leaf respiration is the O, consumed in the leaf section and
root/rhizome respiration is the O, consumed in the root section while in the dark.

Rapid light curves were generated for each leaf clipped (2 leaves) at each
sampling period with a DIVING-PAM fluorometer (Walz, Effeltrich, Germany) (Ralph et
al. 1998, White and Critchley 1999). The light banks were turned off and the chamber
shaded when the RLCs were measured. The rapid light curves generated 9 electron
transport rates (effective quantum yield times PAR applied), the first before any actinic
light was applied (quasi-dark). Incrementing actinic light intensities were applied by the
PAM fluorometer for 10 seconds each before the next electron transport rate was
determined. Actinic light intensities were increased through 8 levels ranging from 24 —

2

908 umol photons'm™>s™.

Trials for each salinity level were performed in triplicate.

Scaling Experiment
The scaling from leaf pieces to whole plants needed for the model was done by

comparing oxygen and chlorophyll fluorescence measurements from large chamber
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whole plant incubations to the same measures made using leaf pieces and the Hansatech
chambers during the same experimental period. P-I curves were generated by incubating
plants at 6 increasing PAR levels (50, 89, 116, 236, 388, 1139 umol photons m? s'l) and
respiration measured in the dark before and after the light. Light was measured for the
whole plant studies using a 4w quantum sensor (LI-COR, Lincoln, NE) and for the
Hansatech chamber using a PAR sensor ((Hansatech, King’s Lynn, UK)). The whole
plants were held at each light level for 35 minutes to achieve a steady rate. It has been
demonstrated for Z. marina that steady state gas exchange is established within 15-30
minutes for both leaves and for roots/thizomes (Sand-Jensen et al. 1982, Smith et al.
1984). Only the last 15 minutes of the oxygen readings were used for rate determination.
For the whole plants, net apparent photosynthesis, total plant respiration, gross
photosynthesis, root/rhizome O, release, leaf respiration and root/rhizome respiration
were calculated as stated above for PQ/RQ experiment. The plants were held in the dark
both before and after the light. The final dark measurements were used as the respiration
values for the whole plant trials because oxygen was rarely consumed during the initial
dark period. For the leaf piece trials, the maximal respiration rates were used. The low
oxygen at the start of the incubations may have prevented the plants from respiring at the
normal rate, as they would normally have more oxygen available. Zimmerman et al.
(1989) measured maximum respiration rates in both above- and below-ground plant
material, beginning incubation with initial O, concentrations 200% of air-saturation.
Before experimentation, they determined that saturation levels below this would be

limiting to plant respiration.
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The leaf pieces were left at each light level for 5 minutes, or until a steady rate
was observed in the software’s real-time display. The initial dark period for the leaf
pieces was 15 minutes and RLCs were measured at the end of each light level. The
whole plant chamber was shaded for RLC measurement at the end of each light level.
The RLCs were generated by the PAM fluorometer in the same manner as those
described above. In addition, a small water sample was taken to measure temperature in
the large chamber. The temperature for the leaf-piece incubations was maintained at
17£0.1°C by a circulating water bath. The temperature during the whole plant
incubations was much more difficult to control and ranged between 17.7-22.1°C.
Because of this, the whole-plant data were corrected for temperature effects on the rates
prior to comparison. The Qo numbers of Zimmerman et al. (1989) from plants
acclimated to 20°C were used to correct for temperature differences between
experiments. The Qo’s were for respiration: 1.29, leaf net photosynthesis: 1.74. (The
Qios for respiration of roots: 1.51, rhizomes: 1.41.) The temperature correction was made
after the data had already been combined for both sections, giving net O, release in light
and net O, uptake by both leaves and roots in dark. Because root/rhizome respiration is a
small portion of total plant respiration, this did not introduce a large error for the ~3
degree difference by not using the belowground numbers separately (average < 1% for
respiration, < 0.3% for net photosynthesis).

Incubations using excised leaf pieces were performed six times at each salinity

level, twice from each tank. Whole plant incubations were performed in triplicate.
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Curve-Fitting

Both P-I curves and rapid light curves were fit to the equation of Platt et al.
(1980)

NNACIEC

using Sigmaplot’s regression wizard to solve for Py, a and B, where P is photosynthesis
and [/ is irradiance. Pj is defined as the maximum potential light saturated photosynthetic
output in the absence of photoinhibition (Harrison and Platt 1986). Alpha (o) is the slope
of the initial linear part of the curve (Platt et al. 1980), and is a function of both the light
harvesting efficiency and photosynthetic energy conversion efficiency (Henley 1993).
Beta (B) characterizes the photoinhibition process of photosynthesis (Platt et al. 1980).
Pmax (or TETR54) 1s then calculated as

B

o B e
Pmaszs(a+ﬂIa+ﬂj Eq. 5

In the absence of photoinhibition, Ps = Prax and the equation becomes

P=P,|1- ) b6

Equation 6 was used for fitting curves when the fitting routine gave unreasonable
(negative) values for B. The irradiance at saturation of photosynthesis was then

calculated from (Talling 1957) as
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Statistical Analysis

To determine the effect of salinity or size (whole plants versus leaf pieces),
MANOVA, ANOVA and Tukey tests were performed using StatView. MANOVA was
chosen because it generally is more powerful than individual ANOVAs. It considers
correlation among the variables being tested and reduces the possibility of type I errors
that individual ANOV As would increase if correlation is present (Zar 1999). Pillai’s
trace is probably the best test statistic given by the software to rely on as it seems to be
the most robust and is called for if there is correlation among the variables (Zar 1999).
Metabolic rates and trends were determined and tested for significance by linear
regression using Excel. If rates were not found to be significant, they were assumed to be

0.

Modeling

The eelgrass model of Wetzel and Neckles (1986) simulates photosynthesis and
growth of Zostera marina L. Tt includes both above- and below-ground components of
eelgrass and carbon losses due to respiration, epiphyte colonization, grazing and leaf
mortality. The environmental variables and forcing functions were solar irradiance,
water column PAR attenuation, tidally variable water depth, water temperature and
photoperiod; the data used to simulate the environmental conditions are specific to the
lower Chesapeake Bay. For model simulations presented here, the daily solar irradiance
was simulated with random variation using monthly ranges and lower limits (Virginia

Institute of Marine Science data). Likewise, the PAR attenuation coefficients were also



52

simulated with random variation using monthly ranges and lower limits derived from data
for Guinea Marsh, which is near the Goodwin Islands site. Wetzel and Neckles (1986)
found that the amount of submarine light and temperature were the main physical factors
controlling photosynthesis and growth of eelgrass in this area. A conceptual diagram of
the model is shown in Figure 5.

Compartmental standing stocks were determined for each hourly iteration as the
sum of the standing stock and any carbon fluxes. The flux of carbon into or out of a
compartment was determined as the specific rate times the standing stock. Leaf biomass
was computed as the standing stock plus the photosynthesis flux, minus the respiration,
translocation, leaf mortality and grazing fluxes. Root/rhizome biomass was computed as
the standing stock plus the translocation flux minus the respiration flux.

Photosynthesis in the Wetzel and Neckles (1986) model was calculated using the
hyperbolic function:

P, =P, (t)PAR , /{Z,+PAR )| Eq. 8

i
where t was temperature and P, was the light-saturated photosynthesis rate derived as a
linear, statistically fitted function of temperature using the data of Wetzel and Penhale
(1983) and Evans (1984). P..x was reduced linearly at temperatures greater than 25°C
such that the rate at 30°C was one half of the rate at 25°C. The half-saturation PAR
intensity, [;’, was calculated as a linear function of P, based on Penhale (1977).
Epiphytic cover on Z. marina leaves acted to reduce photosynthesis through both shading
and by limiting diffusion of CO; into plant leaves.

The equations used to determine the photosynthetic rate of eelgrass in the model

of Wetzel and Neckles (1986) were replaced with empirically-derived equations



Figure 5. Conceptual diagram of seagrass model (Wetzel and Neckles 1986).
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predicting oxygen evolution from the maximum relative electron transport rates, using
fluorescence and photosynthesis data from previous experiments on leaf sections (Moore
et al. unpub. data). The reduction of light and CO; by epiphytes used in the original
model was maintained. The equation for leaf respiration was also changed in the model
to reflect rates measured during these previous leaf-piece experiments. Photosynthesis,
respiration and chlorophyll fluorescence (rapid light curves) were measured in the
Hansatech chamber (Model DW2, King’s Lynn, UK) as for plant tissue described above.
The rETR .« values were determined by fitting rapid light curves using Sigmaplot as
described for Eqgs. 4-6. These data include measurements taken at two salinity levels (15,
25 psu) and during three seasons (Winter 7°C, Spring 17°C, Summer 27°C). In addition,
more light levels were used (21, 44, 62, 85, 172, 280, 578, 796 umol photons m> s‘l).
Using Sigmaplot’s regression wizard, these data were fit to the following rectangular

hyperbola equation, predicting rETRmax from PAR () for each temperature,

ETR = Z:fr Eq. 9
where a and b are fitting parameters. The rETR.x data were used to predict
photosynthesis as gross oxygen production by linear regression, following the form,

O, =sip*rETR ,, Eq. 10

where slp is the slope and the intercept was forced through 0. The intercept was set to 0
for modeling purposes only as this prevents positive photosynthesis from occurring in the
dark. Data from the 15 and 25 psu salinity levels were combined prior to fitting as a
simplification as these numbers represent optimal salinity conditions for Z. marina in the
lower Chesapeake Bay. Linear and nonlinear regression analyses were used to explore

temperature effects on these fitted parameters (a, b, slp), on seasonally determined leaf
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respiration rates and on the factors converting leaf area to fresh weight. The Moore et al.
(unpub.) data were only used in the model.

The current photosynthesis equations provide rates in g C-CO;'g C-leaveshr,
where the photosynthetic rates determined by the leaf-piece experiments are in units of
pmol Oy-cm™-leaves'min™. The new data generated by this project provides the
conversion factors necessary to convert oxygen to carbon units and to scale from leaf
pieces to whole plants.

Year-3 modeled Zostera marina biomass, respiration, net primary production and
gross primary production from the revised model were regressed against the original
Wetzel and Neckles (1986) model. This was done to compare model behavior against
one already calibrated and validated with field data; if the output is the same, then the
model is validated by proxy. In the Wetzel and Neckles (1986) model, Zostera marina
aboveground biomass was compared against standing stock field estimates from lower
Chesapeake Bay eelgrass communities (Orth and Moore 1982). Year-3 simulation was
used to provide sufficient time for stable limit-cycle behavior to occur. Biomass and
integrated daily fluxes between compartments were output every 5 days at noon. Specific
gross primary production and leaf respiration rates were computed as the flux between
the water CO, and Zostera marina leaf compartments divided by the leaf standing stock.
Net primary production was computed as gross primary production minus respiration.

For model sensitivity analysis, parameters were increased and decreased by 1
standard error or by 10% if no standard error was available. Changes were made one at a

time and the model re-run. Output was compared to the nominal run to assess the impact



56
of the change. Both root mean square (RMS) error and mean absolute difference (MAD)

were calculated to assess sensitivity:

RMS = flzn‘,(p,.—o,)2 Eq. 11
n-;

1 n
MAD—;Z

i

p: =0, Eq. 12

where p; = i model predicted value and o; = i"™ observed value. Here, the observed value
is determined by the nominal run. Output from year-3 model simulation was used, for
both the entire year (julian day 730-1095), and separated into growth seasons determined
by temperature ranges. These ranges were from 13°-0°-9°C for winter, from 9°-23°C for
spring, from 23°-30°-25°C for summer and from 25°-13°C for fall (Batiuk et al. 1992).
Year-3 simulation was used to provide sufficient time for stable limit-cycle behavior to
occur. For sensitivity analysis, leaf biomass and integrated daily fluxes between
compartments were output every 5 days at noon. Specific gross primary production and
leaf respiration rates were then computed as the flux between the water CO, and Zostera
marina leaf compartments divided by the leaf standing stock. In the cases where
continuous equations were used in the model (parameters regressed against temperature),
the parameter values were changed one at a time and the regression equation re-
determined for each change. Sensitivity in these cases was then determined using the

revised continuous temperature-driven functions.



RESULTS

Tank conditions during the experiment are shown in Figure 6. NO,+NO; was less
than 0.2 uM by the end of week 1 in the 15 and 35 psu tanks and stayed low through the
remainder of the experimental period. The 35 psu was initially high from the addition of
artificial salt. NO,+NOj rose to a peak of 1.5 uM in the O psu tanks at the end of week 1
and then declined to 0.3 uM or less for the remainder of the experimental period. NHy
was below detection in all tanks by the end of week 2. Tank temperature was maintained
at 17£2°C. The salinities within the treatment tanks remained within £0.8 psu of the
treatment level except for the O psu treatment tank, where the salinity rose to as high as

1.1 psu.

Photosynthetic and Respiratory Quotient Experiments

The null hypothesis that the photosynthetic and respiratory quotients are not
affected by salinity could not be rejected. In most experiments, estimates of the total
change in dissolved inorganic carbon (DIC) based on the change in oxygen showed that
the change was below detection of the method used for analysis (0.02 mM). There was
sufficient oxygen change in the leaf section in the light during most trials but the change
in the root chamber appears to be at or below the detection limit for the DIC method, so
the ratios can’t be resolved for the whole plant. Approximations could be based on the

leaf chamber alone, but it is not realistic given the oxygen release from the roots. Also,
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Figure 6. Mean a) NO,+NOs and b) NHj in treatment tanks during experimental period.
TO corresponds to the start of the experimental time period, Tf corresponds to the end of
the experimental period and T1-T3 correspond to the end of weeks 1-3, respectively.
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CO; is transported from the roots to the leaves and is not known. Inorganic carbon taken
up by the roots can be transported throughout the plant and released from the leaves;
likewise, inorganic carbon taken up by leaves can be released or used by the
belowground tissue (Wetzel and Penhale 1979).

Because the PQ and RQ could not be determined, a literature value of 1.2 for the
PQ was used in the model. An RQ value of unity has likewise been commonly reported
and was assumed here for model development. Model sensitivity analyses were done to
address the need for better estimates.

Light-saturated net photosynthetic rates from the PQ/RQ experiments for the 30-
minute increments of the 4-hour incubation period are shown in Figure 7 a.
Photosynthesis rates for the whole plant (leaf + root chamber) were greatest in the 15 psu
and least in the 0 psu treatment. Rates ranged from 0.308-0.228 pumol
0,'g FW'-leaves'min™ for the 0 psu salinity treatment, from 0.776-0.533 for the 15 psu
and from 0.560-0.362 for the 35 psu. Net photosynthesis rates for the leaves only
followed the same pattern and ranged from 0.277-0.218, from 0.773-0.541 and from
0.535-0.367 pmol Oy'g FW'-leaves'min™, respectively (Table 4). The first hour has been
excluded to allow for rate stabilization. These rates all declined over the incubation time
period (Figure 7 a). For the 0 and 15 psu treatments, these trends were significant
(p<0.01, linear regression); for the 35 psu treatment, p = 0.061.

Whole plant respiration rates for the 30-min increments ranged from -0.013 to -
0.024 pmol O,'g FW™'-plant-min™ (0 psu), from -0.019 to -0.026 (15 psu) and from -
0.012 to -0.037 (35 psu). Leaf respiration was generally greatest in the O psu salinity

treatment and least in the 15 psu treatment. These rates ranged from -0.041 to -0.049



Figure 7. Photosynthesis and respiration rates from PQRQ experiments, for 30-minute
increments over 4 hours. The first hour has been excluded. Rates were determined by
oxygen measurements at 3-minute intervals, for the last 20 minutes of each time step.
n=3. a) Net photosynthesis at 236 umol photons m™ s PAR combined for the whole
plant (leaf chamber + root chamber). b) Dark respiration combined for the whole plant
(Ieaf chamber + root chamber).
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Table 4. Net photosynthesis rates from PQRQ experiments, for 30-minute increments
over 4 hours at 236 pmol photons m™ s PAR. The first hour has been excluded. Rates
were determined by oxygen measurements at 3-minute intervals, for the last 20 minutes
of each time step. n=3. Rates are for the leaves only.

Leaves only (umol O,/g FW-leaves/min)

Timestep 0 psu 15 psu 35 psu

(Hour) mean se mean se mean se

1-1.5 0.277 0.008 0.773 0.051 0.535 0.106
15-2 0.273 0.013 0.692 0.029 0.510 0.101
2-25 0.241 0.008 0.665 0.026 0.498 0.087]
25-3 0.269 0.032 0.593 0.024 0.442 0.082
3-35 0.220 0.008 0.541 0.033 0.393 0.095
35-4 0.218 0.003 0.541 0.027 0.367 0.092
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umol Oy-g FW™'-leaves'min™ in the 0 psu treatment, from -0.031 to -0.034 in the 15 psu

treatment and from -0.038 to -0.055 in the 35 psu treatment. Leaf respiration rates are
provided in Table 5. The whole plant respiration rates generally increase (become more
negative) over time (Figure 7 b). The trend was significant in only the 15 psu salinity
treatment (p <0.01, linear regression).

Root respiration was problematic in that oxygen levels actually increased in the
root section during the dark in the 0 psu and 35 psu treatments. Rates ranged from 0.026-
0.087 pmol Opg FW'-r/r'min™ for the 0 psu and from 0.017-0.059 for the 35 psu
treatment (Table 6). Only the 15 psu treatment showed a decline in oxygen, with rates
ranging from 0.004 to —0.016 pmol Oy'g FW™'-r/r-min".

During illumination, oxygen was released in the root section in the 0 and 35 psu
treatments, ranging from 0.090 to 0.032 and from —-0.003 to 0.060
umol Oy'g FW-rr'min™, respectively. The 35 psu plants showed root respiration
(oxygen uptake) during the 3.5-4 hour timestep. Plants in the 15 psu treatment showed
an oxygen release of 0.004 during the 1-1.5 hour timestep, but took up oxygen the

remainder of the time, ranging from —0.001 to —0.054 umol O,'g FW™'-r/r-min™ (Table 6).

Scaling Experiment
Oxygen-based Rates

Whole plants had higher gross and net apparent photosynthetic rates than leaf
pieces. P-I curves are shown in Figures 8 and 9. Gross P, values for the leaf pieces
were 0.0067 umol Oycm™?min™ for the 0 psu treatment, 0.0110 for the 15 psu and

0.0093 for the 35 psu, whereas those for whole plants were 0.0150, 0.0265 and 0.0252



Table 5. Respiration rates from PQRQ experiments, for 30-minute increments over 4
hours in the dark. The first hour has been excluded. Rates were determined by oxygen
measurements at 3-minute intervals, for the last 20 minutes of each time step. Negative

number denotes oxygen uptake. n=3. Rates are for the leaves only.

Leaf respiration (umol O,/ g FW-leaves /min)

Timestep 0 psu 15 psu 35 psu

(Hour) mean se mean se mean se

1-1.5 -0.047 0.011 -0.033 0.004 -0.038 0.025
1.5-2 -0.049 0.010 -0.032 0.001 -0.040 0.024
2-25 -0.046 0.010 -0.031 0.004 -0.039 0.022
25-3 -0.048 0.009 -0.034 0.002 -0.038 0.020
3-35 -0.041 0.009 -0.034 0.001 -0.041 0.018
35-4 -0.042 0.005 -0.033 0.001 -0.055 0.028




Table 6. Root/Rhizome rates from PQRQ experiments, for 30-minute increments over 4
hours. Rates were determined by oxygen measurements at 3-minute intervals, for the last
20 minutes of each time step. Negative number denotes oxygen uptake. n=3. a) Dark

respiration rates. b) Root/Rhizome oxygen release during illumination at 236 pumol
photons m™ s PAR.

a) Dark respiration (umol O,/g FW-RR/min)

Timestep 0 psu 15 psu 35 psu
(Hour) mean se mean se mean se
1-1.5 0.087| 0.027 0.003 0.002 0.059 0.029
15-2 0.064 0.021 -0.005 0.002 0.042 0.024
2-25 0.053 0.018 -0.007| 0.003 0.032 0.021
25-3 0.044 0.015 -0.008 0.003 0.025 0.017
3-35 0.028 0.018 -0.012 0.002 0.018 0.016]
3.5-4 0.026 0.014 -0.016 0.001 0.017 0.018

b) Oxygen release (umol O,/g FW-RR/min)

Timestep 0 psu 15 psu 35 psu
(Hour) mean se mean se mean se
1-1.5 0.090 0.012 0.004 0.004 0.060 0.024
15-2 0.071 0.006 -0.001 0.006 0.035 0.017
2-25 0.061 0.004 -0.041 0.012 0.047 0.013]
25-3 0.051 0.003 -0.054 0.057 0.023 0.017]
3-35 0.039 0.003 -0.006 0.013 0.007 0.009
35-4 0.032 0.006 -0.007 0.024 -0.003 0.020]




Figure 8. P-I curves of net apparent photosynthesis, normalized to leaf area a) 0 psu e,
b) 15 psuvw and c) 35 psu om. Error bars represent 1 standard error. Whole plants n=3;
leaf pieces n=6.
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Figure 9. P-I curves of gross photosynthesis, normalized to leaf area a) 0 psu oe, b) 15
psu vw and ¢) 35 psu om. Error bars represent 1 standard error. Whole plants n=3; leaf
pieces n=6.
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pmol O,-em™ -min'l, respectively (Table 7). Net P« values for leaf pieces (0, 15 and 35

psu treatments) were 0.0043, 0.0101 and 0.0061 while those for whole plants were
0.0106, 0.0226 and 0.0193 umol O,-cm™?min’. Both gross and net Py, values
normalized to leaf area were more than two times greater for whole plants than for leaf
pieces at all salinities. This result was unexpected as it was thought that root respiration
would lower the overall net apparent rates for whole plant incubations.

Similar to Py, alpha was much higher for whole plants than for leaf pieces for
both gross and net apparent P-I curves. Alpha values from gross P-I curves were
0.00012, 0.00013 and 0.00010 for leaf pieces versus 0.00057, 0.00019 and 0.00023 for
the whole plants. Alpha values for the net apparent curves were 0.00434 vs. 0.000019 for
0 psu, 0.000108 vs. 0.000068 for 15 psu and 0.000096 vs. 0.000021 for 35 psu.

Ik was greater for the whole plants in the 15 psu treatment only. For the gross -PI
curves, Ik for leaf pieces was 84, 88 and 185 umol photons'm™s™ for the 0, 15 and 35
psu treatments, respectively, and was 34, 137 and 107 for the whole plants. Ik
determined from the net apparent P-I curves was 242, 181 and 285 pumol photons'm™>-s™
for leaf pieces and 107, 213 and 216 umol photons'm™s™ for whole plants. Means and
standard errors of the fitted P-I parameters based on gross photosynthetic rates are given
in Table 8, and those based on net apparent rates are given in Table 7.

MANOVA conducted using Pmax, alpha and I with size (leaf pieces versus whole
plants) and salinity as factors showed the net apparent photosynthetic rates to be
significantly different by size and salinity, with a significant size by salinity interaction
(p<0.05, Pillai Trace). A Tukey’s post-hoc test showed where differences were within

the factors of size or salinity. For the net apparent P-I curves, alpha was significantly



Table 7. P-I parameters for net apparent photosynthetic rates normalized to leaf area.
Mean and standard error (se) of leaf pieces (piece) and whole plants (whole) for each
light level. Whole plant rates represent above+below-ground metabolism and are
normalized to aboveground biomass only.

piece whole
Salinity mean se mean se
Alpha 0 0.000019] 0.000003| 0.000434| 0.000324
Rate/PAR 15 0.000068] 0.000018] 0.000108]  0.000021
35 0.000021]  0.000004] 0.000096/ 0.000023
Prmax 0 0.0043 0.0004 0.0106 0.0027
pmol O/cm®/min 15 0.0101 0.0015 0.0226 0.0034
35 0.0061 0.0018 0.0193 0.0024
I 0 242.2 27.8 106.5 73.2
umol photonslmzls 15 181.0 31.8 212.6 10.5
35 284.7 45.2 216.4 36.2




Table 8. P-I parameters for gross photosynthetic rates (corrected for dark respiration)
normalized to leaf area. Mean and standard error (se) of leaf pieces (piece) and whole
plants (whole) for each light level. Whole plant rates represent above+below-ground
metabolism and are normalized to aboveground biomass only.

piece whole
Salinity mean se mean se
Alpha 0 0.00012 0.00002 0.00057 0.00028
Rate/PAR 15 0.00013]  0.00002]  0.00019]  0.00003
35 0.00010 0.00004 0.00023 0.00003
Prmax 0 0.0067 0.0008 0.0150 0.0041
pmol O,/cm?/min 15 0.0110 0.0019 0.0265 0.0042
35 0.0093 0.0021 0.0252 0.0035
I 0 84.3 29.0 33.5 8.8
umol photons/ m’/s 15 88.1 14.0 137.3 3.0
35 184.5 74.5 107.3 1.1
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different by size but not salinity. P, was significantly different by size and by salinity

(0 psu different from 15 and 35 psu). Ik was not found to be significantly different by
size or salinity. Figure 10 shows mean values for Py, alpha and I pooled by the factors
of size (leaf pieces versus whole plants) and salinity (0, 15 and 35 psu).

MANOVA conducted using Pmay, alpha and Iy with size and salinity as factors
indicated gross photosynthesis rates were significantly different by size and salinity, with
a significant size by salinity interaction (p<0.05, Pillai Trace). Alpha was significantly
different by size but not by salinity by Tukey’s post-hoc tests. Pn,x Was significantly
different between leaf pieces and whole plants and 0 psu was different from 15 psu . I,
was not significantly different by salinity or by size. Mean values for Pp,,x, alpha and Iy
pooled by the factors of size and salinity are shown in Figure 11.

Based on ANOVA, chlorophyll-a, -b, -a+b (mg-g FW™) and the chlorophyll a/b
ratio were found to be significantly different by salinity but not by size. Also, the salinity
by size interaction term was not significant. The overall mean chlorophyll-a was 0.45 for
0 psu treatment, 0.95 for 15 psu and 0.86 mg-g FW™' for 35 psu. Mean chlorophyll-b was
0.32, 0.46 and 0.45 mg-g FW™' and mean chlorophyll-a+b was 0.77, 1.41 and 1.32 mg'g
FW! for the 0, 15 and 35 psu treatments, respectively. The overall mean chlorophyll a/b
ratio was 1.34 for 0 psu, 2.08 for 15 psu and 1.92 for 35 psu. Tukey’s post-hoc tests
showed the 0 psu treatment to be different from the 15 and 35 psu treatments for all
chlorophyll measures (Figure 12). During the treatment period, the plants in the 0 psu
tanks visibly paled in color.

Maximum leaf respiration rates were significantly higher for whole plants than for

leaf pieces (p<0.01, ANOVA). These rates ranged from 0.0020 to 0.0032 umol



Figure 10. Fitted P-I parameters of net apparent photosynthesis, normalized to leaf area
a) initial slope, alpha, b) maximum photosynthesis, P« and c) saturating light intensity,
Ix. Means are pooled by the factors of size (pieces n=18, whole n=9) and salinity (n=9).
Letters denote statistical similarity (Tukey’s post-hoc test). Error bars represent 1
standard error.
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Figure 11. Fitted P-I parameters of gross photosynthesis, normalized to leaf area a) initial
slope, alpha, b) maximum photosynthesis, Pr.x and c) saturating light intensity, I.

Means are pooled by the factors of size (pieces n=18, whole n=9) and salinity (n=9).
Letters denote statistical similarity (Tukey’s post-hoc test). Error bars represent 1
standard error.
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Figure 12. Mean leaf chlorophyll a) pooled by size (n=18) b) pooled by salinity (n=12).
Letters denote statistical similarity (Tukey’s post-hoc tests). Data for chlorophyll-a,
chlorophyll-b chlorophyll-a+4 and chlorophyll a/b ratio were not statistically compared
to each other. Error bars represent 1 standard error.
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Oy-cm™-min™ for leaf pieces and from 0.0037 to 0.0065 for whole plants (Table 9).

While there was no significant salinity effect, the size by salinity interaction term was
significant at the p <0.05 level. Figure 13 shows mean maximum respiration rates
normalized to leaf area, pooled by the factors of size and salinity. These respiration rates
for whole plants are for above ground material only. Differences in respiration have the
effect of magnifying the differences in gross photosynthesis between leaf pieces and
whole plants.

In order to use leaf respiration rates from previous experiments on excised tissue
(Moore et al., unpub. data) in the seagrass model, a scaling factor was determined to scale
this data up to the whole plant level. The leaf respiration scaling factor was calculated as
the ratio of the mean rate for whole plants to that of leaf pieces for the 15 and 35 psu data
sets combined, and equals 2.54.

The whole plant studies allowed for measurement of belowground (root/rhizome;
R/R) metabolism. Dark respiration rates normalized to R/R biomass are given in Table
10. The rates in Table 10 have not been corrected for the temperature increase in the
whole plant chamber, therefore are expressed at 20°C as opposed to 17°C. The 15 psu
treatment had the lowest respiration rates (0.033 pmol Oy-cm™min™ ) and the 0 psu had
the highest rates (0.410 pmol O,-cm™min™). The effect of salinity stress on the 0 psu
treatment plants is most evident in the respiration rates. The roots were the longest,
densest and healthiest appearing in the 15 psu treatment, with the O psu appearing to be in
very poor health.

During illumination, oxygen was released from the belowground tissue. Table 11

gives the mean oxygen release normalized to belowground biomass. For the 0 psu
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Figure 13. Leaf respiration rates normalized to leaf area a) pooled by size (pieces n=18,
whole n=9) and b) pooled by salinity (n=9). Letters denote statistical similarity. Error

bars represent 1 standard error.
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Table 10. Root respiration rates. Normalized to mass belowground material. Negative
number denotes oxygen uptake. Temperature approximately 20 °C.

0 psu 15 psu 35 psu
Units
mean se mean se Mean se
pmol O,/g FW/min -0.410 0.247 -0.033 0.010 -0.093 0.014
pmol O,/g DW/min -1.151 0.186 -0.199 0.066 -0.468 0.067




Table 11. Root oxygen release rates during the light, normalized to belowground
biomass. Temperature approximately 20 °C.

umol O,/g FW/min
0 psu 15 psu 35 psu
Incubation mean se mean se mean se

PAR

50 0.355| 0.163| 0.063] 0.014] 0.076] 0.026

89 0.261| 0.108| 0.046] 0.011] 0.028] 0.040
116 0.398| 0.216] 0.022] 0.004] 0.026] 0.026
236 0.179] 0.153] 0.074] 0.014| 0.027] 0.015
388 0.277] 0.213] 0.054] 0.017| 0.024| 0.003
1139 0.128/ 0.112] 0.087] 0.015] 0.049] 0.015

umol O,/g DW/min
0 psu 15 psu 35 psu
Incubation mean se mean se mean se

PAR

50 1221{ 0.279] 0.374] 0.074| 0.385 0.131
89 0.967| 0.332] 0.275| 0.058] 0.142] 0.203
116 1278/ 0.597| 0.133] 0.021] 0.130] 0.130
236 0.301] 0.151] 0.447| 0.083] 0.135] 0.077
388 0591| 0.315 0.322] 0.096] 0.121] 0.015
1139 0.201] 0.104| 0.524| 0.090| 0.249| 0.078




79
treatment, R/R oxygen release ranged from 0.128 to 0.394 pmol O,-g FW ™' -t/r'min™', for

the 15 psu 0.022 to 0.087, and for the 35 psu ranged from 0.024 to 0.076. The release
rates from the freshwater treatment and from the lowest incubation light level (50 umol

photonsm™s") were higher. No trend with PAR was noted.

Fluorescence-based Rates

Parameters fitted from the rapid light curves performed at the end of each
Incubation light level were compared for each light level. RLC-alpha did not show any
trend with incubation light level and ranged from 0.273-0.811 for leaf pieces and from
0.537-1.052 for whole plants. rETRax and RLC-Ii generally increased with increasing
incubation light level in the 15 and 35 psu treatments; RLC-Ii ranged from 68-231 pmol
photons'm™s™ for leaf pieces and from 39-228 pumol photons'm™-s™ for whole plants.
The ranges for rETR,,x were 52-119 for leaf pieces and 23-143 for whole plants.
rETR .« and RLC-Ii for the 0 psu treatment did not follow the trend with PAR. RLC-Ii
was 105-456 pmol photons'm>s™ for leaf pieces and 54-119 pumol photons'm™:s™ for
whole plants, and rETR.x was 34-64 for leaf pieces and 45-95 for whole plants.
Fluorescence data from the 0 psu treatment was extremely thin due to difficulty
maintaining sufficient fluorescence signal from these dying plants. Mean parameter
values are given in Table 12.

MANOVA was used to test for significant differences in the factors of size (leaf
pieces versus whole plants) and salinity on RLC-alpha, TETRmax and RLC-I. Size was a
significant factor at the p<0.05 level (Pillai Trace) for at all incubation light levels.

Salinity was a significant factor at some but not all light levels; while not significant at
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the p<0.0S5 level, p-values were still less than 0.10 for all incubation light levels except
for the dark treatment. The size by salinity interaction term was significant in the dark
and the highest light level. Table 13 shows the statistical results. Tukey’s post-hoc tests
showed difference between leaf pieces and whole plants on rETR .y, €xcept in the dark.
However, there is a significant difference between leaf pieces and whole plants on the
RLC-Iy at light levels 50-236 pumol photons'm™s™, with whole plants appearing to have
lower values. There was also a significant difference between leaf pieces and whole
plants on RLC-alpha at light levels 1-6 with whole plants having higher mean values.
Graphs of the mean parameter values for low light (50 pmol photons'm™-s™) and high
light (388 pmol photons-m™>s™) pooled by size (leaf pieces vs. whole plants) and salinity
are shown in Figures 14 and 15, respectively. Salinity was a significant factor affecting
alpha and rETR, at some light levels, but without a clear trend. The differences based
on size do not follow the trend seen in the oxygen data, where Py, Was consistently
higher for whole plants and Iy was unaffected.

In addition to the fitted parameters, the initial yield (YI) measurement from the
rapid light curves was compared statistically to determine the health of the plants. At all
light levels except the dark, YI was significantly different between leaf pieces and whole
plants, the whole plants having higher values (ANOVA p<0.01). Mean values pooled by
size (leaf pieces vs. whole plants) and salinity are shown for low light (50 umol
photons'm™s™') and high light (388 pmol photonsm™s™) in F igure 16. For the whole
plants, values appeared relatively similar for all salinities (0.74-0.79 low light, 0.70-0.74
high light), where the 0 psu plants had markedly lower values for the leaf pieces (0.29 vs.

0.4 for low light and 0.12 vs. 0.35 for high light).



Table 13. Results of MANOVA (Pillai’s Trace) and Tukey’s post-hoc tests on
parameters from fitting rapid light curves by incubation light level. Significant effects
(p<0.05) are noted in the table. For example, at 50 umol photons-m'z-s'1 MANOVA
showed significant size and salinity effects, but no size x salinity interaction. Alpha and
I were both significantly different by size (leaf pieces vs. whole plants), and alpha was
also significantly different by salinity, with the O psu treatment different from both the 15
and 35 psu treatments. P-values close to being significant are noted in a smaller font.

Incubation Tukey’s post-hoc
PAR MANOVA Alpha rETR .« I
(pmol photons-m™-s™
Dark Size Size
Interaction
50 Size Size Size
Salinity Salinity
0-15, 0-35
89 Size Size Size
Salinity. p=0‘_(~)82 Salinity
Interaction p=0.068 0-1 5’ 15-35
116 Size Size Size
Salinity Salinity Salinity
Interaction p=0.076 0-1 5’ 0-35 0-1 5’ 15-35
236 Size Size Size
No 0 psu data Salinity Salinity
included 15-35
388 Size Size
Salinity p=0.090 Salinity
0-15,0-35
1139 Size Size
Salinity Salinity Salinity
Interaction 0-15, 0-35 0-15, 15-35




Figure 14. Parameters fitted from rapid light curves for low light (PAR=50 pmol photons
m™s™) a) alpha, b) rTETRmax and ¢) I,. Means are pooled by the factors of size (leaf pieces
vs. whole plants) and salinity. Letters denote statistical similarity (Tukey’s post-hoc
test). Error bars represent 1 standard error.
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Figure 15. Parameters fitted from rapid light curves for high light (PAR=388 pmol
photons m™s™) a) alpha, b) rETRma and c) .. Means are pooled by the factors of size
(leaf pieces vs. whole plants) and salinity. Letters denote statistical similarity (Tukey’s
post-hoc test). Error bars represent 1 standard error.
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Figure 16. Initial yield from rapid light curves a) for low light (PAR=50 pumol photons
m™s™) and b) for high light (PAR=388 pmol photons ms™). Means are pooled by the
factors of size (leaf pieces vs. whole plants) and salinity. Letters denote statistical
similarity (Tukey’s post-hoc test). Error bars represent 1 standard error.
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Theoretical O,:ETR Ratio

Four electrons are required to produce one molecule of oxygen, giving the ratio of
0.25 for O,:ETR, assuming that there are no oxygen- or electron-consuming processes
happening in the photosystem. Because the absorption factor (AF) was not measured,
the electron transport rates presented above are considered to be relative to each other;
AF was not included in the calculation of relative electron transport rates generated by
the rapid light curves. The parameters fitted from the rapid light curves and the
absorption factors (AF) of Beer et al. (1998) (0.44) and Walz (1998) (0.84, pre-
programmed in the DIVING-PAM) were used to estimate ETR at the incubation PAR.
The actual photosynthetic rate (ETR as opposed to ETR ) can be calculated from a
RLC using the actinic PAR that corresponds to the ambient PAR (incubation light level)
at the time the RLC was determined (Longstaff et al. 2002). Gross oxygen-based rates
were converted to the units pmol O,'m™ (leaf area)'s™ to match the ETR units pmol
e*m™s”. Estimated rETRs were then converted to ETR using the two AFs. Data for 0
PAR was excluded from this analysis — gross rates are 0 at 0 PAR and the estimated ETR
is also 0.

The mean overall O,:ETR ratio using the Beer et al. (1998) AF of 0.44 for leaf
pieces was 0.138 and for whole plants was 0.269. The mean ratio values are compared
by salinity in Table 14. The overall ratios using the pre-programmed AF of 0.84 were
0.072 for leaf pieces and 0.141 for whole plants. Figure 17 plots gross photosynthesis
against ETR using an AF of 0.44. The points for whole plants are generally higher on the

y-axis than the points for leaf pieces. Most points for leaf pieces fall below the 0.25 ratio
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Figure 17. Gross photosynthesis to estimated ETR by salinity a) 0 psu, b) 15 psu and c)
35 psu. Line is drawn at theoretical ratio of 0.25 for comparison purposes. The
absorption factor used in estimation of ETR is 0.44 (Beer et al. 1998).
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line. Only the whole-plant 35 psu treatment shows a majority of points above the 0.25

ratio line.

O; to rETRax scaling factor

To determine the scaling factor needed to convert the relationships between
fluorescence and photosynthesis based on leaf piece data for the model, the slopes of the
TETR ¢ vs. gross O, from whole plants were compared to the slopes of leaf pieces.

Recall Equation 9 of the methods: O, =slp*rETR .. The ratio of these slopes (sip)

determined by linear regression was used as the scaling factor for the model. There were
not enough data for the 0 psu treatment to determine the slope ratio. The regression lines
were also forced through 0 for modeling purposes — this prevents positive photosynthesis
in the dark. Because of this, the slopes could not be compared statistically. The ratios of
whole:piece were 2.26 for 15 psu, 3.36 for 35 psu and 2.64 for the 15+35 psu data
combined. The individual regression lines for whole plants and leaf pieces are shown
against the combined data set Figure 18. The scaling factor from the combined 15+35
psu data set was used in the model. The slope in the equation predicting oxygen rates
from rETRmax as described in Equation 9 above is multiplied by this scaling factor. The
value of 2.64 was used in the model because salinity effects were not included in the
model reconfiguration and analyses. The TETRy,x to O, relationship is likely unaffected
by rETR nax because there were no differences in rETR,,x, While there were large

differences in the oxygen based rates.



Figure 18. Gross photosynthesis to rETRmax for combined 15 and 35 psu data sets.
Regression lines have been forced through O intercept for modeling purposes.
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Modeling

Curve-fitting routines provided a series of parameters describing the relationship
predicting rETR . from PAR (I) for leaf pieces at three temperatures (7, 17, 27°C) for

the 15+25 psu data combined (Moore et al., unpub. data) using Equation 9:

tETR ,, = —Z—ill— where a (also AA) and b (BB) are fitting parameters. All parameter
+

values are given in Table 15. Because salinity effects were not included in the model
reconfiguration, the data was combined from the 15 and 25 psu treatments for curve
fitting as these numbers represent optimal salinity conditions for Z. marina in the lower
Chesapeake Bay.

The rETR 2« data from leaf pieces (Moore et al., unpub. data) were used to
predict photosynthesis as gross oxygen production by linear regression (Equation 10)

O, =slp*rETR __ , where slp (SLP) is the slope and the intercept was forced to 0. Leaf

max ?

respiration (TRESP) and the fresh weight to leaf area conversion factor (FWLA) were
determined as mean values for the 15+25 psu combined data sets for each temperature (7,
17,27°C). All of these parameters (AA, BB, SLP, TRESP, FWLA) were modeled as
continuous functions of temperature (Figure 19). The regression lines were chosen by
best fit as opposed to any a priori assumptions.

The revised photosynthesis model incorporating fluorescence data (Eqs. 9 and 10)
is shown for three temperatures in Figure 20. As verification that the output of the series
of these two equations represented the data, model results (from these two equations)
were compared to the original data, i.e. the model output (PAR to rETR,ux to O;) was

compared to the original mean O, rates for the given incubation light intensities. The
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Figure 19. Parameters modeled as continuous functions of temperature (TEMP). a) AA
and b) BB, fitting parameters in rectangular hyperbolic function predicting rETR may from
PAR; c) SLP, slope of linear regression predicting gross O, rates from rETR ax, d)
FWLA, conversion of fresh weight to leaf area and e) TRESP, leaf respiration.
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model tended to overestimate rates at low light levels and underestimate at high light
levels.

The slopes of the leaf piece data (Moore et al., unpub.) were multiplied by the
scaling factor (SCALSLP, 2.64) to scale the relationship up to the level found for the
whole plants. Similarly, leaf respiration rates (TRESP) were scaled up by the factor of
2.54 (SCALRESP). Conversion factors shown in Table 15 were used to convert oxygen
to carbon units (PQ, RQ) and leaf area to carbon biomass (FWLA-fresh weight to leaf
area, DWFW-dry weight to fresh weight, CDW-carbon to dry weight). Figure 21 shows
year-three major carbon flows for Z. marina and biomass of above- and below-ground
plant compartments.

To summarize model computation of photosynthesis, PAR at the leaf surface
along with temperature-dependent curve coefficients AA and BB, were used to determine
the relative maximum electron transport rate. rETRmax was then multiplied by the
temperature-dependent SLP parameter and the scaling factor SCALSLP. This gave
photosynthetic rates in the units of pmol O,-cm™-leaves'min™', scaled to the whole plant

level. Time was converted to hours and leaf area was converted to grams of leaf carbon

using a series of conversions: leaf area to fresh weight (%JWL A ), fresh weight to dry

weight (%)WFW) and dry weight to carbon (yCDW ). The photosynthetic quotient PQ

converted molar oxygen to molar carbon, which was then converted to grams, giving the
final units of g C-CO,'g C-leaveshr™', required to match original model units.
Leaf respiration TRESP was calculated as a function of temperature and

multiplied by the scaling factor SCALRESP to scale to the whole plant level. The same



Figure 21. Year-3 simulation using revised photosynthesis model. a) Major carbon
flows computed for Z. marina and b) biomass of leaves and roots/rhizomes.
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unit conversions were used as for photosynthesis, except the respiratory quotient RQ was
used to convert molar oxygen to molar carbon.

The revised model (PAM) was compared to the original model of Wetzel and
Neckles (1986) (SEAGRASS) by linear regression of the data output every 5 days at
noon for simulation year-3. Z. marina biomass, computed net primary production, gross
primary production and leaf respiration for both models are shown in Figure 22. PAM
modeled leaf biomass followed that of SEAGRASS well (R* = 0.978), with values
slightly lower, especially during May-July and December-February (slope = 0.887).
Root/rhizome biomass predicted by PAM again was less than that predicted by
SEAGRASS (slope = 0.951) and did not follow as well, missing the maximum peak in
June (R? = 0.632). When compared to field estimates (Moore 1996), modeled leaf
biomass is both high and out of phase, the peak occurring in April-May as opposed to
June-July, and the fall re-growth period is not reflected in either model. Modeled
root/rhizome biomass is similarly out of phase compared to field estimates (Moore 1996)
and does not reflect a secondary fall peak.

Computed net primary production compared reasonably well (R* = 0.838) with
values higher for PAM, especially during the winter months (slope = 1.132). Also, the
period of negative net primary production, when the plants would be surviving off of
stored carbohydrate, is much longer in duration for PAM (June-September) than for
SEAGRASS (July-August).

Gross primary production in PAM did not follow SEAGRASS well (R*=0.074,
slope =-0.217). Rates are depressed in the summer for both, but maximal values occur

during the spring and fall growth periods for SEAGRASS and in winter for PAM.



Figure 22. Comparison of revised model incorporating fluorescence data (PAM) to that
of Wetzel and Neckles (1986) (Seagrass) for simulation year-3. a) leaf and root/rhizome
biomass with field estimates (Moore 1996), b) net primary production c) gross primary
production d) leaf respiration. Model output was compared via linear regression; R
values and slopes are provided on each pane.
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Leaf respiration rates output by PAM were much less than those of SEAGRASS

(slope = 0.614). However, the pattern of maximal rates occurring in summer and
minimal rates during winter was followed well (R* = 0.995).

To assess the sensitivity of parameters (Table 15) on model behavior, model
parameter values were changed individually by plus and minus either one standard error
or 10%, and model output compared to the nominal run to determine the effect. This was
done to determine which parameters had the greatest effect on model output. Sensitivity
is considered to be greater for larger values of root mean square (RMS) error and mean
absolute difference (MAD). Parameter sensitivity was determined for both the entire
year and by season. For seasonal sensitivity, output from only those days corresponding
to a particular season was used in calculating RMS error and MAD instead of the entire
year-3 output numbers. Both scaling factors (SCALSLP, SCALRESP), leaf respiration
(TRESP) and the photosynthetic and respiratory quotients (PQ, RQ) showed the greatest
sensitivity on model leaf biomass by RMS error and by MAD. For all parameters, the
effects of changes were more pronounced during the winter and spring and least during
the fall. Leaf biomass sensitivity results are given in Table 16; each row of the table
represents one single parameter change to the model. Changing the parameter values had
not only an effect on the magnitude of the biomass peak, but also shifted the peak to
earlier or later in the year (Figure 23).

For gross primary production, the parameters SCALSLP, CDW and PQ all
showed high sensitivity by RMS error and MAD (Table 17). In addition, changes to the
parameters involved in respiration produced comparatively large RMS error, but not as

much mean absolute difference. In general, the effects of changes were most pronounced
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Figure 23. Sensitivity of model leaf biomass to a) photosynthetic quotient PQ, b)
respiratory quotient RQ and c) leaf respiration TRESP (27 °C). Year-3 of model
simulation is shown for the nominal run against sensitivity runs made after changing a
particular parameter value by + 1 standard error or 10%.
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during the winter and spring months. Even changes in AA for 27°C had more of an
effect during winter than in summer (MAD for winter 2.1x10” versus summer
0.95x107). This can be seen in Figure 24 a. Changes in the photosynthetic quotient
produced very large changes in springtime specific gross primary production rates, both
in magnitude and in shifting the timing of maximal rates Figure 24 b. Changes to
TRESP for 27°C had a similar effect on gross primary production (Figure 24 c).

Leaf respiration was most sensitive to changes in CDW, SCALRESP, RQ and
TRESP (Table 18). In contrast to leaf biomass and gross primary production, leaf
respiration was most affected during summer (Figure 25). Also, no phase shift was seen
in the timing of peak respiration rates as there was for leaf biomass. Similar to the case
for AA above, TRESP for 7°C showed the greatest impact during summer (Figure 25 b).
The largest magnitude of change in leaf respiration was seen with changes to TRESP for

27°C (MAD 7.9 x107, Figure 25 c).



Figure 24. Sensitivity of model gross primary production to a) AA (27 °C), b)
photosynthetic quotient PQ and c) leaf respiration TRESP (27 °C). Year-3 of model
simulation is shown for the nominal run against sensitivity runs made after changing a
particular parameter value by + 1 standard error or 10%.
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Figure 25. Sensitivity of model leaf respiration to a) respiratory quotient RQ, b) leaf
respiration TRESP (7 °C) and ¢) TRESP (27 °C). Year-3 of model simulation is shown
for the nominal run against sensitivity runs made after changing a particular parameter
value by + 1 standard error or 10%.
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DISCUSSION

The results of this study indicate that short-term fluorescence measurements can
be a useful tool in modeling eelgrass growth and productivity. The revised model
incorporating fluorescence data was relatively successful in predicting plant biomass and
net primary production when compared to the original Wetzel and Neckles (1986) model.
However, predicted leaf biomass does not appear to compare as favorably to field
estimates. The Moore (1996) leaf biomass data are considerably lower (maximum ca. 80
g C'm™) than the biomass predicted by both models (maximum ca. 140 g C:m™). In
addition the same phase shift occurs in the PAM model as the SEAGRASS model, where
maximum biomass is reached in April-May as opposed to the observed peak in June-July.
The data used to validate the SEAGRASS model include a range from ca. 50to 130 g
C'm? for the June-J uly maximum biomass period (Orth and Moore 1982). The Moore
(1996) data are from only one year, and may represent a lower-growth year. The phase
shift seen in the biomass peak of the original Wetzel and Neckles (1986) model was
attributed to three potential causes: 1) poor understanding of translocation processes, 2)
the energetic costs of non-vegetative reproduction were not included and would act to
delay spring biomass accumulation and 3) highly variable light conditions in nature. For
these model runs, however, stochastic functions were used to add variability in both solar
irradiance and water column PAR attenuation coefficients. Wetzel and Neckles (1986)

write, “Because year-end predictions and simulated rates agree with available data,
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analyses of long-term stability could be done with the temporal discrepancy having no
effect.”

Modeled gross primary production and leaf respiration did not follow the original
Wetzel and Neckles (1986) model as well. We can see in the verification graph ( Figure
20) that the revised photosynthesis model tended to overestimate gross photosynthesis
rates (oxygen evolution) at low light levels, and that the 7°C rates had high Pyax at low
light. In fact, the modeled oxygen evolution rates at 7°C are higher than the other
temperatures up to 200 umol photons-m’2 5. This is likely a large part of what is driving
the PAM model behavior to maximal gross primary production rates in winter. Maximal
gross primary production rates in the field are generally observed in the spring and fall
months, as model SEAGRASS predicts. Given that the modeled gross oxygen evolution
follows the original data about as well for 7°C as for 17° and 27°C, it appears that model
PAM output is a function of the data that went into it. In other words, the 7°C dataset
may have issues associated with artificial laboratory conditions. This problem suggests
that Z. marina photosynthetic processes at limiting light levels are extremely important to
growth and survival.

There is evidence that the artificial light conditions in the environmental chamber
altered the shade-adaptation status of the experimental plants, and that this could also
have affected modeled gross primary production rates. The P,y values reported here
range from 0.0043-0.0101 pumol O,-cm™min™ for leaf pieces and from 0.0150-0.0265 for
whole plants, and are similar to published values for light-saturated net photosynthesis,
falling both above and below the range given in Table 19 (0.0052-0.0197 pmol O,-cm’

“min™). However, alpha and Iy calculated from the net apparent P-I curves did not
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compare well with literature values (Tables 20 and 21). I was much higher than the
literature range (63-225 vs. 27-90 pumol photons'm™-s™) and alpha was much lower
(0.0034-0.0048 for the 15 and 35 psu vs. 0.010-0.024). For comparison, the alpha and Iy
values being used have been fitted from P-I curves normalized to chlorophyll-a, and can
be found in Tables 22 and 23. These numbers are used for comparison to the literature
values, which were mostly normalized to chlorophyll-a+b.

The values for Iy and alpha (chlorophyll-a normalized rates) compare much more
favorably to the literature when based on gross P-I curves. Mean values for Iy are still
higher (39-152 versus 36 pumol photons'm™s™) and for alpha are still generally lower
(0.0057-0.0128 for 15 and 35 psu versus 0.014), but closer to published values.

Higher I and lower alpha could be a sign that these plants have adapted to the
relatively high light in the environmental chamber (400 pmol photons'm™?s™"). The initial
slope of the P-I curve (alpha) for Potamogenton perfoliatus expressed on a dry weight
basis had a significant increase with shade treatment, with the maximum alpha being
reached in 3 days (Goldsborough and Kemp 1988). Alpha decreases when there is high
light.

In terms of how these P-I curves play out, the lower alpha produces lower
photosynthesis rates at sub-saturating light intensities; the higher Iy means that maximal
rates are not achieved until higher light intensities. If Py, is the same in terms of rate,
but requires higher light to be achieved, then gross primary production would be lower
overall in conditions where light is often limiting, and may explain why modeled gross
primary production was too low for much of the year. The test plants were adapted to

sun conditions, while Z. marina found growing under natural conditions are adapted to
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Table 22. P-I parameters for net apparent photosynthetic rates normalized to chlorophyll-
a. Mean and standard error (se) of leaf pieces (piece) and whole plants (whole) for each
light level. Whole plant rates represent above+below-ground metabolism and are
normalized to aboveground biomass only.

piece whole
Salinity] mean se mean se
Alpha 0 0.0034] 0.0012| 0.0263| 0.0157
Rate/PAR 15 0.0043| 0.0004] 0.0048] 0.0005
35 0.0024| 0.0009| 0.0048 0.0004
Pmax 0 0.338 0.028 0.984 0.225
pmol O,/mg chla/min 15 0.491 0.054 1.040 0.128
35 0.300 0.086 1.088 0.092
I 0 178.1 49.4 62.8 22.5
umol photons/ m*/s 15 120.0 17.1 217.7 7.3
35 194.9 78.6 224.6 5.0




Table 23. P-I parameters for gross photosynthetic rates (corrected for dark respiration)
normalized to chlorophyll-a. Mean and standard error (se) of leaf pieces (piece) and
whole plants (whole) for each light level. Whole plant rates represent above+below-
ground metabolism and are normalized to aboveground biomass only.

piece whole
Salinity| mean se mean se
Alpha 0 0.0110] 0.0020| 0.0528| 0.0250
Rate/PAR 15 0.0071| 0.0007| 0.0089] 0.0013
35 0.0057| 0.0021| 0.0128| 0.0007
Pmax 0 0.586 0.054 1.603 0.337
pmol O,/mg chla/min 15 0.580 0.057 1.215 0.150
35 0.446 0.075 1.379 0.086
I 0 64.7 13.3 39.1 9.3
umol photons/ m?/s 15 80.3 75| 1372 3.0
35 152.4 66.9 107.3 1.1
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shade conditions, and are better able to utilize light more efficiently at low light levels.
Again, this suggests that the dynamics of photosynthesis at non-saturating light levels are
important to understanding growth and survival in the field.

Leaf respiration rates modeled by PAM were much lower than those modeled by
SEAGRASS. The leaf respiration rates measured in the experiments presented here were
higher than the range found in the literature (Table 24). Here, leaf respiration ranged
from 0.0020 — 0.0065 pmol O-cm™min”' where in the literature ranges from 0.00073 —
0.00197. However, these are likely to be maximum rates, being measured after the plants
had been in high light. Also, the leaf respiration rates for whole plants may have
appeared larger than they were in reality. It was assumed in the determination of leaf and
root/rhizome respiration rates that the oxygen uptake in the leaf section was due only to
leaf respiration and uptake in the root section due only to root/rhizome respiration. It is
possible that the roots were drawing additional oxygen for respiration from aboveground
tissues, especially since oxygen levels remained very low in the root section to resemble
sediment conditions. Then, the leaves would appear to have higher respiratory rates.
However, I do not think that this was necessarily the case because root/rhizome
respiration rates for the 15 and 35 psu treatments (-0.199 to -0.468 umol O,'g DW-
r/rmin’") were also high but within literature values (-0.015 to -0.36 pmol O,'g DW™'-
r/r-min'l, Table 25). It is strange then to consider that these rates are higher than
published values, yet much lower than modeled leaf respiration. Obviously, this needs
further investigation.

The model parameters involved in the fluorescence data (rETR,y) were relatively

insensitive. Parameters involved with unit conversion and the scaling process showed the
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greatest sensitivity, and therefore should be reviewed. The scaling factor applied to the
mathematical relationship between relative electron transport rate and oxygen evolution
1s a factor of both differences in rETR . and differences in gross photosynthesis between
leaf pieces and whole plants.

Photosynthesis and respiration rates measured for whole plants were more than
twice as high as those measured for leaf pieces. Even with the added burden of
root/rhizome respiration, the net apparent photosynthesis rates of whole plants were still
much greater than rates for leaf pieces. The lack of a significant difference in I for leaf
pieces versus whole plants in either the net or gross photosynthetic rates suggests that the
leaf pieces and the whole plants are responding to light in the same manner. Alpha
appears higher for the whole plants because a higher Ppy is reached at the same light

level for the leaf pieces.

The difference in photosynthesis and leaf respiration rates observed between leaf
pieces and whole plants could be due to leaf age issues. The leaf piece studies are
representative of the metabolism of the lower-middle portion of a #2 leaf (second
youngest) while the whole plant is just that — all parts of leaves of different ages. In
terms of carbon metabolism, Harrison (1978) found that the rate of '*C uptake in Zostera
americana was 50-100% greater in mature dark leaves than in young leaves. In another
study using oxygen-based photosynthesis measurements, P, expressed on an areal basis
generally increased from the base to the tip of leaves and increased with leaf age at the
base (Mazzella and Alberte 1986).

Differences in photosynthetic and respiratory rates stemming from leaf age can

contribute, but likely not account for all of the discrepancy. Were there any systematic
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differences in the manner in which the rates were measured? The leaf pieces had two cut
edges, through which oxygen diffusion from the lacunae might have been different than
from the leaf surface; cut edges may allow for small bubbles to escape. Also, the tissue
to water ratio was much larger for the leaf pieces than for the whole plants. Could
lacunal storage and internal recycling of metabolic gases be an issue?

The use of gas exchange as a measure of photosynthesis for aquatic vascular
plants has been debated due to the question of lacunal gas storage. Sorrell and
Dromgoole (1986) argue that errors in measurement of both photosynthesis and
respiration due to lacunal storage will always occur when a gas phase (the lacunae) is
present in a liquid system. The gas bubble offers a much larger reservoir for a gas of low
solubility than an equivalent volume of liquid. In contrast, Roberts and Caperon (1986)
found a linear relationship between gas discharge from the lacunae and oxygen released
to the water for Amphibolis Antarctica, Posiodonia australis and Halophila ovalis. They
argue that gas pressure within the lacunae will build up to the point of rupture or to where
oxygen lost by diffusion equals supply (for intact lacunal systems). Roberts and Moriarty
(1987) found a linear relationship between the rate of gas discharge from the lacunae and
the rate of oxygen released into the water for Zostera capricorni, Cymodocea serrulata
and Syringodium iseotifolium. The rate of discharge was also proportional to ¢ uptake.
Because the molar ratios of '*C fixed to oxygen produced were close to one (1.008
£0.016), the authors concluded that either lacunal gas discharge or the rate of oxygen
released to the water can be used to measure productivity, and that lacunal gas storage

does not occur.
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Despite the argument, Sorrell and Dromgoole (1986) claim that the storage error
can be reduced or avoided by either decreasing the tissue:water ratio or by flooding the
lacunae. In studies on Thalassia testudinum aspiration to flood the lacunae of very small
leaf pieces (~ 2mm long) has been used to minimize the problems associated with lacunar
gas buildup (Dawes and Tomasko 1988, Durako 1993). If there was some measurement
error here due to gas storage and resistance to diffusion with the external media, would it
be necessarily different for leaf pieces than for whole plants? Also, the tissue:water ratio
was much smaller for the leaf piece studies, which should have reduced gas storage errors
(Sorrell and Dromgoole 1986), yet the observed metabolic rates of the leaf pieces were
still much smaller than those observed for whole plants.

Another difference in methodology which has been used for Thalassia testudinum
is to allow the cut leaf pieces to rest overnight to avoid effects of wound respiration
(Dawes and Tomasko 1988, Durako 1993, Durako and Kuss 1994). While the respiration
rates for the leaf pieces were lower than those of the whole plants, this could possibly
have been a contributing factor in the difference between net apparent photosynthetic
rates. The differences in initial yield from rapid light curves (YT) support this idea; Y1 is
an indicator of plant health and was significantly lower for leaf pieces. A relatively
simple study could be devised to test the effect of allowing cut leaf pieces to rest before
measuring metabolic rates. Further studies with the new IMAGING-PAM could help
identify the extent of wounding damage. It does appear, however, that there is a real
difference in some response measures between whole plants and excised tissue.

The differences between leaf pieces and whole plants for fluorescence measures

do not follow the trend seen in the oxygen data, where P, was consistently higher for
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whole plants and I, was unaffected. For the parameters fitted from the RLC’s, rETRax

was not different between leaf pieces while RLC-alpha and RLC-I were.

Similar to the variation in photosynthesis, leaf age and location can have an effect
on PAM measurements. Using Thalassia testudinum, Durako and Kunzelman (2002)
found that the youngest leaf had lower mean fluorescence levels. In addition, they saw a
general decrease in AF/Fm’ from the base to the tip of #2 leaves, with a significant
reduction in the maximum fluorescence at the tip. They suggest that the reduction of Fm’
at the leaf tip may be due to an increase in the non-photochemical quenching rather than
destruction of PSII reaction centers, or could be due to higher irradiance at the top of the
canopy. Specifically for Z. marina, the Fv/Fm (maximum quantum yield) has been
shown to be higher at the base than at the mid or the tip portions of the leaf, showing
more efficient energy conversion to carbon in the growing portion of the leaf
(Kamermans et al. 1999).

The ETR measurements reported here should not have been affected by leaf age
or location because only #2 leaves were used for the RL.Cs and care was taken to measure
at similar locations along the leaf (lower-mid portion). Because the maximum relative
electron transport rates were not different between leaf pieces and whole plants, the
majority of the scaling factor must come from the differences in measured gross
photosynthesis rates.

The use of a scaling factor to scale measurements based on small pieces to the
whole plant scale is not new. Alcoverro et al. (1999) compared estimates of whole-plant
metabolism from only the middle pieces of leaves 2-4 versus a more detailed estimate

based on rates taken from 4 positions on each leaf (sheath, base, middle, tip). They found
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a significant effect of leaf age on photosynthesis (tmol O,g FW™''min™) and P:R, but not

on respiration or chlorophyll-a+b (mg chl-g FW™). They found a significant increase in
net P,y in leaf #2 from the youngest to the oldest portion, but no significant difference in
respiration and decreasing P.x and respiration (not significant) with leaf age. Their
finding of different P, values by leaf age differed from the literature, but the leaves
were heavily grazed, the effects being most evident in older leaves (grazed more), which
also correlated to less chlorophyll. When they calculated the whole-plant carbon budget
using only the middle sections leaves 2-4, they saw a consistent underestimation
compared to calculations based on the more detailed estimate using information also
based on position on each leaf. It was concluded that a scaling factor (multiplied) of 1.41
was needed to scale up the estimates based on less data (Alcoverro et al. 1999).

The scaling factors demonstrate the importance of studying whole-plant
metabolism. They were determined from a limited number of experimental trials (6) for
only one temperature and season. These numbers might not be the same in summer or
winter when metabolic processes are occurring at different rates. In winter, when
metabolic rates are low overall, the magnitude of the scaling factor might be smaller.
Higher respiratory rates along with increased respiratory demand of belowground tissues
in summer could add to the discrepancy in gross photosynthesis rates between leaf pieces
and whole plants, and thusly increase the magnitude of the scaling factor.

The theoretical ratios (O,:estimated ETR) for leaf pieces were lower than the
ratios for whole plants, following the trend in the oxygen rates. PAM fluorometry gives
an instantaneous measure of electron transport rate at one place on the leaf where oxygen

exchange gives an integrated measure of the leaf piece or whole plant (Longstaff et al.
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2002). Fluorescence was measured at the same place on the leaf and led to overall
similar ETR values despite wounding, so the differences were driven primarily by the O,
rates. Longstaff et al. (2002) found that the O, to ETR relationship was linear for Ulva
lactuca using the RLC interpolation method (does not include high light), and reported 1
O, to 8.2 ETR, using an AF of 0.766. Differences in the ratio from the theoretical ratio of
0.25 (or 1 O, to 4 €") can be caused by either an increase in O, utilization
(photorespiration or the Mehler acsorbate peroxidase pathway) or by an increase in ETR
through PSII (spontaneous charge recombination or cyclic electron transport around PSII)
than is accounted for by non-cyclic electron transport through PSI to CO, fixation
(Longstaff et al. 2002). Longstaff et al. (2002) argued that these pathways could not
account for the difference and suggested that cycling around PSII or non-photochemical
quenching in PSII centers was more likely. An increase in oxygen utilization in the leaf
pieces is likely a contributing factor in the lower ratios, as the oxygen rates were
significantly different where the rETRax Was not.

Beer and Bjork (2000) attribute higher values for the O,:ETR ratio to inaccurate
absorption factor or incident irradiance measurements. Determination of correct AFs is
important when addressing this theoretical ratio and deviations from 0.25. Absorption
factors were not measured for this study; instead, the relative electron transport rates were
used and were calculated as simply PAR times effective quantum yield. This worked for
development of the empirical relationships between oxygen evolution and electron
transport rate for our specific Zostera marina plants from Goodwin Islands, VA, but
these relationships would not necessarily be the same elsewhere. The applicability of this

work would be greatly enhanced by knowledge of the appropriate seasonal absorption
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factors. Then the issue of AF could be factored out and the relationship between ETR

and production more directly investigated.

Changes in the chlorophyll concentration in submerged leaves can influence the
light absorptance and light harvesting efficiency of the leaf (Nielsen and Sand-Jensen
1989). Salinity can affect the absorption factor by affecting plant chlorophyll content.
Light absorption in marine macrophytes increases with increasing chlorophyll-a density
and differences in absorption should be related to chlorophyll concentration and thickness
of the photosynthetic tissues (Enriquez et al. 1994). The fraction of incident light
absorbed by macroalgae can range from 15% (thin) to >90% (thick thallus) (Enriquez et
al. 1994). The light absorption for the 12 seagrass species studied ranges from 88.5% to
49.8% and specifically for Z. marina the mean (2 plants) was 81.8% with a chlorophyll-a
density of 0.0178 mg-cm™ (Enriquez et al. 1992). This is a large difference from the Beer
et al. (1998) AF of 0.44. The methods used to measure light absorption were quite
different for the two studies. For this study, the mean chlorophyll content for the
freshwater treatment was 0.0084, for 15 psu was 0.0187 and for 35 psu was 0.0160
mg-cm™. This implies a lower AF for the freshwater treatment than the other two salinity
treatments, giving a ratio probably closer to the Beer et al. (1998) AF estimate and ratios
for the 15 and 35 psu treatments probably closer to the Walz (1998) estimate.

The model sensitivity to the photosynthetic and respiratory quotients identifies
these ratios as important measurements of seagrass physiology and may suggest that
factors affecting these ratios are important for seagrass survival. Buesa (1980) found no
significant effect of irradiance or temperature on the PQs of four taxonomic groups of

marine plants including both algal and spermatophyte species. The nitrogen source can
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have an effect on the photosynthetic quotient. Raine (1983) found PQs for phytoplankton

of 1-1.3 using ammonium but the values increased to 2.25 when nitrate was used. Using
a PQ > 1.25 is probably not warranted because the main environmental nitrogen source
for these plants is sediment NH;" (Buzzelli 1991).

Buesa (1980) found that mean PQ values for the spermatophytes ranged from
1.09-1.37. Kemp et al. (1986) found PQs in a similar range (0.9-1.6) for Potamogeton
perfoliatus L. Buesa (1980) cited two studies for PQ in Zostera marina, with mean PQ
values of 1.09 and 1.20, the latter being the more recent study. The median PQ value of
1.21 from all plants included in the study was recommended, and corresponds to
carbohydrate and some protein synthesis (Buesa 1980).

Given the lack of effect due to temperature or light and the unlikely differences
due to nitrogen source, a PQ value of 1.2 and a RQ value of 1.0 were used for conversion
purposes. Specifically for Z. marina, PQ values of 1.2 (Kraemer and Alberte 1993) or
1.25 (Dennison 1987) have been used by other authors for conversion of rates based on
oxygen measurements for carbon balance models, often citing McRoy and McMillan
(1977). Because sucrose is the major stored carbohydrate in Z. marina, RQ values of 1.0
have been used to convert respiratory O, consumption to C (Drew 1979, Kraemer and
Alberte 1993, Alcoverro et al. 1999). While there could be some effect from salinity on
the PQ due to osmoregulation through proline synthesis (Van Diggelen et al. 1987), the
effect could unfortunately not be determined in this study.

The photosynthetic and respiratory quotients were assumed to be the same for leaf
pieces as for whole plants. In a study using freshwater vascular plants, Moeslund et al.

(1981) found that the PQs for leaf pieces were similar to those of whole plants in situ.
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Even though the belowground metabolism was not measured independently, the
sediments used in this study were aerated and translocation of metabolic gases was
concluded unimportant. The similarity found between leaf pieces and whole plants
justifies the use of just one PQ (or RQ) value after scaling up.

The problems encountered in attempts to measure the photosynthetic and
respiratory quotients were not due to an atypical dataset, as rates are similar to those
reported elsewhere. The net apparent photosynthetic rates from the PQ/RQ experiments
for the 30-minute increments of the 4-hour incubation period, ranged from 0.218-0.773
umol O,-g FW-leaves'min™ for the leaves only or 0.228-0.776 pmol
O,'g FW'-leaves'min” combined for the whole plants. These rates were similar to those
reported by Zimmerman et al. (1996) (0.53, Table 19), but were a little higher than
others reported in the literature. However, the incubation media had been spiked with
sodium carbonate to increase the DIC to non-limiting levels (>2.0 mM), and are similar
to rates reported under CO; enrichment (0.5-1.5) (Zimmerman et al. 1997). Also, it is
noted that rates normalized on a fresh weight basis found in the literature were for
excised tissue. The whole plant net apparent photosynthetic rates from the PQ/RQ
experiments normalized to dry weight range from 1.11-4.12 pmol O,-g DW-
leaves'min” and are similar to others reported elsewhere for whole plants (1.335-3.75)
(Caffrey and Kemp 1991).

Leaf respiration measured during the PQ/RQ experiments ranged from —0.031 to
—0.049 umol O,'g FW'-leaves'min™ for all salinity levels, and was much lower than the
literature values found (-0.11 to —0.18, Table 24). This was also the case when

normalized to dry weight (-0.032 to —0.061 versus -0.45 to -0.88 pmol O,'g DW-
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leaves'min™). Additionally, root respiration, when it did occur, was found to be lower
than literature values, here ranging from ~0.005 to —0.016 pmol O, g FW™'-r/rmin”, and
in the literature -0.043 pmol O,'g DW™'min™ for roots and -0.025 for rhizomes (Table
25) (Zimmerman et al. 1989). The literature for whole plants normalized to dry weight
ranges from a low of -0.015 to -0.125 to a high of -0.36 pmol O,'g DW -t/rmin”. The
rates measured here (- 0.028 to ~0.101 umol O,'g DW'-r/rmin") were similar to those
of Caffrey and Kemp (1991), but lower than the rest of the literature.

Respiration rates were low because they were oxygen starved, being measured
here at the start of the experiment. Zimmerman et al. (1989) found that initial oxygen
concentrations 200% of air saturation were required to achieve maximum or capacity
respiratory rates. In future experiments, it is suggested that respiration should be
measured after the plants have been in the light and oxygen levels are higher.

The observed oxygen release to the root chamber in the dark was probably due to
translocation in the plant, but also could have been due to small leaks not detected in the
filling process. Translocation of oxygen to the rhizosphere has only been demonstrated
during illumination. Further studies of belowground metabolism during oxygen
limitation might give insight into this observation.

Using a smaller volume (<406 ml used here) for the root chamber is suggested
such that small changes in the dissolved carbon are seen as greater concentration changes.
The volume of the leaf chamber (770 ml) is adequate, but could be smaller, for these
studies using 6 plants. Also, it is not likely that incubation periods of less than an hour

for the design used here would be sufficient to give a measurable change in DIC.
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Salinity effects have not been included in this current model formulation, but are
of interest, especially in consideration of future modeling attempts combining stress
effects. The only statistically significant effect of salinity was on Pp,, where the 0 psu
treatment had lower values than the 15 psu (gross) or the 15 and 35 psu treatments (net).
This could have been caused by the reduced levels of chlorophyll found in the freshwater
treatment. In fact, when normalized to chlorophyll-a, the P, values are not significantly
different for either the gross or net curves. Lowered salinity has been reported to cause
decreases in photosynthetic rates (Kerr and Strother 1985). In addition, reduced numbers
of chloroplasts have been found in the epidermal cells of Z. capensis at lower salinities
(Iyer and Barnabas 1993), which could explain the reduced chlorophyll found in the 0
psu salinity treatment plants relative to the others.

The fluorescence data for the 0 psu treatment is very sparse because of difficulties
in obtaining a good fluorescence signal. RLC-alpha was significantly lower for the 0 psu
treatment, but then this may not be a reliable effect due to the sparse dataset. The
reduced chlorophyll in the O psu plants may have caused the reduction in RLC-alpha.
The results for rTETR .« did not exactly follow those for Ppax. The 15 psu treatment
rETRmax Was generally higher than the other salinity treatments, with the 0 and 35 psu
treatments being similar. It is interesting to note that the healthiest appearing plants had
the highest maximum relative electron transport rates.

Leaf respiration normalized to leaf area showed no salinity effects. This was
surprising as it was thought that the higher salinities would have higher respiratory costs
due to osmoregulation through proline synthesis (Van Diggelen et al. 1987). However,

salinity effects on belowground metabolism were evident in the freshwater treatment as
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compared to the others. The belowground respiration rates were more than two times
higher for the 0 psu than the 15 and 35 psu treatments. Also, 0 psu belowground
respiration represented a much larger percent of total plant respiration. The 0 psu
treatment had the highest oxygen release rates for the three lowest light levels of the P-I
curves; otherwise, release rates were similar to the other treatments. Certainly this has
implications in field chamber studies of community oxygen metabolism, but most authors
argue that oxygen release to the rhizosphere represents only a small percentage of total
metabolism.

The range in root/rhizome oxygen release rates from the scaling experiment for
the 15 and 35 psu salinity treatments (0.121 to 0.524 pmol O,'g DW™'-r/r'min"') started at
the high end of the range found in the literature (-0.10 to 0.17 pmol O,'g DW ™' -t/rmin™,
Table 26). The range for the 0 psu salinity treatment was even higher (0.201- 1.278 umol
0,';g DW'-r/rmin™). Root/thizome oxygen release rates from the PQ/RQ experiments
for the 30-minute increments of the 4-hour incubation period ranged overall from —0.098
to 0.651 umol O;'g DW'-r/rmin” and were also generally higher than the literature
values found for whole plants (-0.1 to 0.17 umol Oz-g DW'-r/rmin™', Table 26). The
range for the 35 psu treatment only (0.0-0.298) was closer to the literature range.

Oxygen release helps to maintain aerobic respiration in the roots and rhizomes. If
salinity affects this release of oxygen, then it could also be affecting belowground
respiration, carbohydrate processing and translocation processes. Further studies of
salinity effects on belowground metabolism are needed.

The revised PAM model, despite some problems, does demonstrate that

inferences can be made about productivity from electron transport rate. Better
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understanding of the metabolic processes between ETR and growth would greatly
enhance both model performance and our understanding of how this relationship changes
seasonally. For example, while some processes such as photosynthesis and respiration
and their associated responses to environmental stresses have been well studied, less is
known about the process of translocation of metabolites between above-and below-
ground material. In addition, flowering and seed production are also metabolically
costly, possibly at the expense of vegetative growth, further increasing the gap between
ETR and productivity. This modeling process has been useful in helping to identify areas
where further research should be focused to further the understanding of whole plant
metabolic processes.

The model suggests that Z. marina photosynthetic processes at limiting light
levels are extremely important to growth and survival; having a better understanding of
photosynthesis at low PAR levels is crucial. In addition, the lowest temperature for the
data used in model development was 7°C. For the parameters fitted to temperature (AA,
BB, SLP, FWLA, TRESP), points at more temperatures would greatly improve
confidence in these curves.

The sensitivity of the conversion factors highlights the need for the best estimates
possible. In the literature for Z. marina, the photosynthetic and respiratory quotients are
largely assumed or based on data more than 20 years old. These ratios certainly need to
be revisited. Similarly, the scaling factors between leaf pieces and whole plants would be
greatly improved with further study, as indicated by the sensitivity analysis. Reducing
the volume of the root section of the whole plant chamber is recommended in any future

attempts to measure photosynthetic and respiratory quotients. Better respiration results
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would be obtained by starting dark incubations with dissolved oxygen levels at 100% of
air-saturation.

To improve our understanding of the results presented here, relatively simple
experiments could be performed to determine the best methodology for leaf-piece studies.
Does allowing the leaf to rest overnight help prevent wound respiration? The new
IMAGING-PAM might also be a useful tool in making this assessment. Similarly, how
might flooding the lacunae through aspiration affect measured oxygen exchange rates in
leaf-piece studies? Would it be better to use leaves of different ages for leaf-piece
experiments and derive a composite rate more representative of the whole plant?
Following that, how might the O,:rETR,x relationship change with leaf age, if at all? Is
the scaling factor the same throughout the year? Experiments to answer this question are
not as simple to perform, but would greatly enhance confidence in the model.

The absorption factors of leaves were never measured in these experiments.
However, our understanding of the seasonal dynamics in the O;:TETR s« relationship,
including deviations from the theoretical ratio, would be improved if seasonally differing
absorption factors could be factored out of the equation. One might be able to devise a
relationship between absorption factor, leaf chlorophyll content and temperature such that
the latter two could be used as a simpler means of calculating the first in future studies.
With the absorption factor questions answered, the model may even be more applicable

to other Zostera marina systems.



CONCLUSIONS

The revised fluorescence-based model gives reasonable estimates of Zostera
marina biomass; however, gross primary production and leaf respiration are not
modeled as well. Z. marina photosynthetic processes at limiting light levels are
extremely important to growth and survival. Further studies concentrating on the
low light portion of the P-I curve would improve prediction of photosynthetic
rates. Determination of absorption factors would extend the applicability of this
model.

Photosynthesis or chlorophyll-a fluorescence data derived from laboratory
experiments must be used with caution as input to models as laboratory conditions
do not necessarily match field conditions. Artificial high light conditions during
the laboratory experiments may have affected the photosynthetic rates by
lowering efficiency at low light levels.

While leaf pieces and whole plants demonstrate qualitatively similar
photosynthetic responses, oxygen based metabolic rates of whole plants were
more than twice those of leaf pieces. Scale is an important consideration due to
age-related differences in metabolism and possible cutting effects.
Environmental stress effects on the photosynthetic and respiratory quotients are
important factors in eelgrass survival as indicated by model sensitivity analysis.
PQ/RQ estimates based on the literature need to be revised especially to include

stress-related and seasonal effects.
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