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EFFECTS OF CLIMATE CHANGE ON PLANT RESPIRATION!

MICHAEL G. RYAN?
The Ecosystems Center, Marine Biological Laboratory, Woods Hole, Massachusetts 02543 USA

Abstract. Plant respiration is a large, environmentally sensitive component of the
ecosystem carbon balance, and net ecosystem carbon flux will change as the balance between
photosynthesis and respiration changes. Partitioning respiration into the functional com-
ponents of construction, maintenance, and ion uptake will aid the estimation of plant
respiration for ecosystems. Maintenance respiration is the component most sensitive to
changes in temperature, CO,, protein concentration and turnover, water stress, and at-
mospheric pollutants. For a wide variety of plant tissues, maintenance respiration, corrected
for temperature, appears to be linearly related to Kjeldahl nitrogen content of live tissue.
Total and maintenance respiration may decline under CO, enrichment, but the mechanism,
independence from changes in protein content, and acclimation are unknown. Response
of respiration to temperature can be modelled as a Q,, relationship, if corrections for bias
arising from daily and annual temperature amplitude are applied. Occurrence and control
of the cyanide-resistant respiratory pathway and acclimation of respiration rates to different
climates are poorly understood, but may substantially affect the reliability of model esti-
mates of plant respiration.
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INTRODUCTION

Plants respire =~50% of the carbon available from
photosynthesis (after photorespiration), with the re-
mainder available for growth, propagation, nutrient
acquisition, and litter production. Global changes in
CO,, temperature, precipitation, ozone, atmospheric
pollutants, and nutrient input will affect both respi-
ration and photosynthesis. Because respiration and
photosynthesis respond differently to the environment,
climate change may alter the balance between them,
affecting carbon allocation within ecosystems and net
carbon flux. The direction and magnitude of the net
carbon flux from ecosystems, however, will likely vary
both with the type of change and with the current eco-
system structure. To understand how environmental
changes will affect net carbon exchange from ecosystem
to atmosphere, we need to understand how photosyn-
thesis and respiration are regulated at the scale of the
ecosystem.

Partitioning plant respiration into the functional
components of construction, maintenance, and ion up-
take (Farrar 1985, Lambers 1985, Amthor 1986) has
greatly increased our understanding of the impact of
the environment on respiratory processes. Environ-
mental change will affect each of these functional com-
ponents differently, altering the relative contribution
of each component to plant carbon balance. Applica-
tion of these functional models of respiration to veg-
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etation in ecosystems may help unravel the complex
behavior of plant growth in response to environmental
change.

I will outline a strategy for modelling plant respi-
ration responses to climate change. First, I will review
models of plant respiration. Next, I will review how
environment alters the rate of respiration for each of
the functional components of respiration, and suggest
useful empirical relationships for modelling plant res-
piration and environmental change. Then, I will pre-
sent estimates of plant respiration for a few forest and
grassland ecosystems. Finally, I will propose a method
for estimating costs of respiration for ecosystems, iden-
tify sources of error, and discuss how future climates
might affect plant respiration.

FUNCTIONAL MODELS OF PLANT RESPIRATION

Ecologists and plant physiologists generally focus on
the function of respiration rather than the biochem-
istry. However, we need a few definitions. Dark res-
piration (in this paper, respiration) represents the pro-
cesses of glycolysis and the oxidative pentose phosphate
pathway, the Krebs cycle, and electron transport to
oxidative phosphorylation, with concomitant uptake
of O, and generation of CO,. Cyanide-resistant, salicyl-
hydroxamic-acid-sensitive respiration is an alternate
pathway for electron transport, which generates only
one ATP per NADH oxidized, rather than three for
cytochrome-mediated electron transport (Laties 1982).
Photorespiration is the oxidation of ribulose biphos-
phate catalyzed by ribulose biphosphate carboxylase
in the presence of oxygen. For the purposes of under-
standing whole-plant respiration, photorespiration al-
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ters the amount of fixed carbon available for dark res-
piration, and will not be treated in this paper.

To understand respiration for whole plants and eco-
systems and the response of respiration to the envi-
ronment, we partition respiration into functional com-
ponents (Amthor 1986, 1989). McCree (1970) and
Thornley (1970) first partitioned respiration into the
components of construction and maintenance:

(L= Yo) aM

R Y, 7 m-M, 1)
where R = integrated daily total of respiration (in grams
of carbon per day), Y; = biosynthetic efficiency (the
ratio of carbon incorporated into structure to carbon
used for structure plus energy used for synthesis, in
grams of carbon per gram of carbon), dM/dt = absolute
growth rate (in grams carbon per day), M = biomass
(in grams of carbon), and m = the maintenance coef-
ficient (grams of carbon per gram of biomass carbon
per day). Maintenance respiration represents the costs
of protein synthesis and replacement, membrane re-
pair, and the maintenance of ion gradients (Penning
de Vries 1975), while construction respiration is the
cost for new tissue synthesis from glucose and minerals.
This model is simple, represents most of the functions
important for whole plants, and has been widely ap-
plied. The ecological importance of Eq. 1 is that con-
struction costs are fixed for a unit of new tissue while
maintenance of all tissue varies with environment
(Amthor 1984).

Uptake of anions, particularly nitrate, can be costly,
representing up to 60% of total root respiration (Veen
1980). Johnson (1983) suggested that respiration to
support nitrogen uptake may explain the higher main-
tenance rates for roots vs. shoots commonly observed.
Johnson (1983) added costs of ion uptake to the basic
model (Eq. 1), assuming respiration for ion uptake was
proportional to biomass constructed:

S ) a
R—[ T +afN] — tmM 2)

where a = respiration per unit nitrogen uptake and f,
= fractional nitrogen content of biomass. Application
of Eq. 2 is complicated by the need to know the oxi-
dation state of the acquired nitrogen to determine a.
Egs. 1 and 2 appear to be useful for estimating plant
respiration in ecosystems, because they contain im-
portant phenomenological mechanisms, but are simple
models.

REPONSE OF RESPIRATION TO ENVIRONMENT

Maintenance

Maintenance is the most responsive of the functional
components of respiration to environmental change,
because the processes of protein synthesis and replace-

MICHAEL G. RYAN

Ecological Applications
Vol. 1, No. 2

ment, membrane repair, and maintenance of gradients
of ions and metabolites vary exponentially with tem-
perature. Changes in CO, concentration, moisture stress,
and photochemically produced atmospheric ozone may
also alter maintenance costs. Additionally, plants re-
spond to environmental variations by shifting alloca-
tion of carbon to leaves, storage, wood, and fine roots
(Waring and Schlesinger 1985). Because protein type
and quantity differ in each of these tissues, their main-
tenance rates differ. Therefore, changes in carbon al-
location to structure can alter ecosystem maintenance
costs.

Temperature.—Rates of the enzymatic processes of
respiration, like all chemical reactions, increase with
temperature and can be described by the Arrhenius

formula:
v, _ E, (1 _ l
v, CXD[RU (T, Tz)]’ &

where V, and V, are reaction rates at T, and T, (in
kelvins), E, is the Arrhenius activation energy for a
given reaction and R, is the universal gas constant.
This equation holds only if enzymes and enzyme—sub-
strate-inhibitor affinities remain stable with tempera-
ture, and fits most enzymatic reactions well across
physiologic temperatures (Raison 1980).

Environmental physiologists often express respira-
tion rates in terms of Q,,, the change in rate with a
10°C change in temperature:

R=V= Roexp<ln1%m- T), @

where R, is respiration at 0°. The two formulas give
similar, but not identical results over 0°-50°, because:

E, =In(Q,0)R(T? + 107)/10. (5)

For a wide variety of plant materials (mostly agri-
cultural crops) Q,, ranges from 1.6 to 3 but centers
about 2 (Amthor 1984). Q,, reported for woody plants
appears to vary less, but may be slightly higher (2.3:
Butler and Landsberg 1981, 2.0: Linder and Troeng
1981, 1.5-2.6: Lawrence and Oechel 1983, 1.8-2.8:
Ryan 1990). Changes in Q,, with temperature indicate
changes in E,. For species not adapted to cold, Q,,
may increase dramatically below 10° (Raison 1980).
Because E, varies differently with temperature for dif-
ferent enzyme systems, metabolism at low tempera-
tures creates an imbalance between glycolysis and the
Krebs cycle (Raison 1980), eventually killing the plant.
However, many plants adapted to cold have high res-
piration rates at low temperatures (Lechowicz et al.
1980) and low Q,, (1.4-1.7: Earnshaw 1981). For tem-
perate species, E, appears constant over the physio-
logical temperature range (Lyons and Raison 1970).
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For modelling plant respiration, a value for Q,, of 2.0-
2.3 seems reasonable (Landsberg 1986).

Protein concentration.— Maintenance respiration and
tissue nitrogen content are strongly correlated (Jones
et al. 1978, Merino et al. 1982, McCree 1983, Waring
etal. 1985, Irving and Silsbury 1987). This relationship
exists because most of the organic nitrogen in plants
is in protein and ~60% of maintenance respiration
supports protein repair and replacement (Penning de
Vries 1975). Maintenance respiration per unit of plant
nitrogen varies with growth rate (McCree 1982), spe-
cies (McCree 1983), and tissue type (Szaniawski and
Kielkiewicz 1982), perhaps because protein content and
protein turnover are not strictly related. However, vari-
ability in maintenance rates per unit tissue nitrogen is
small when compared to the range of respiration rates
expressed on a dry mass basis. Because of the strong
relationship between tissue nitrogen and maintenance
respiration, any change that alters tissue nitrogen (e.g.,
increased atmospheric deposition of nitrogen, Aber et
al. 1989) has the potential to alter the rate of main-
tenance respiration.

The strong correlation between tissue nitrogen con-
centration and maintenance respiration suggests the
possibility of deriving a general, empirical relationship
to estimate maintenance costs for a variety of plant
tissues. Fig. 1 shows that measured maintenance res-
piration and nitrogen content are significantly (P <
.01) correlated for a wide variety of species and plant
tissues:

R,, = 0.0106-N, 6)
where R,, is maintenance respiration (moles of C per
hour), and N is plant Kjeldahl nitrogen in moles of N.
The relationship is linear (Fig. 1) over the range of
tissue nitrogen contents normally encountered (Table
1: 1-136 millimoles of N per mole of C), or ~0.04-
6% of dry mass). The intercept is not significant (P =
.48) and, if included, would bias rates for tissues with
low nitrogen contents.

Variability of data in Fig. 1 may result from differ-
ences in methods of measuring maintenance costs.
Maintenance respiration can be estimated by curve
fitting (e.g., maintenance respiration is the intercept of
a regression between respiration rate and growth rate
when both rates are expressed on the basis of plant
mass), by measuring CO, flux from plants kept in dark-
ness for 48-60 h (starvation method), or by measuring
nongrowing tissue (Amthor 1989). Estimates of main-
tenance with the starvation method are typically lower
than with any of the regression methods (Penning de
Vries 1975, Irving and Silsbury 1987), and this pattern
is generally true for data in Fig. 1. Using the starvation
method, Irving and Silsbury (1987) found that slope
for a regression of maintenance respiration and plant
nitrogen was 0.0069 moles of C per mole of N at 20°C,
65% of the slope in Fig. 1. Maintenance respiration
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Fic. 1. Maintenance respiration (R,,) at 20°C vs. Kjeldahl

N for a variety of plant material; maintenance respiration was
estimated by starvation method (CJ) or regression or mature
tissue methods (M. Respiration = 0.0106-Kjeldahl N, where
respiration per hour and Kjeldahl N are expressed as milli-
moles of C or N per mole of carbon in the plant tissue; n =

16, R? = 0.58 [calculated as 1 — 2 - Y)Z/E - vy
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Kvalseth 1985], S, , = 0.29, P< .01. See Table 1 for expla-
nation of the data and its sources.

estimated by regression in Irving and Silsbury’s study
was equivalent to that presented in Fig. 1.

Turnover rates for common enzymes can vary dra-
matically and also cause variability in the relationship
between maintenance respiration and tissue nitrogen.
For example, turnover of nitrate reductase is ~4 d-!
while ribulose biphosphate carboxylase turns over at
0.12-0.55 d7! (Penning de Vries 1975). Specific res-
piration rates can be greater in roots than leaves (Sza-
niawski and Kielkiewicz 1982), and enzyme turnover
rates may explain these differences. In nitrogen-satu-
rated ecosystems, a large fraction of N may be in vac-
uoles as nitrate or as free amino acids (Zedler et al.
1986, van Dijk and Roelofs 1988). For these systems,
tissue nitrogen may overpredict maintenance respira-
tion.

The variability in the relationship between mainte-
nance respiration and Kjeldahl N shown in Fig. 1, is
much less than the variability in tissue maintenance
rates reported by Penning de Vries (1975), Amthor
(1984, 1986, 1989), and Table 1. Therefore, I believe
that plant maintenance respiration could be estimated
for ecosystems using a relationship with tissue nitrogen
content. A respiration-nitrogen relationship would be
particularly useful for estimating maintenance costs in
forest ecosystems, where much of the biomass has low
enzyme concentrations. Forests also contain much
standing dead tissue (heartwood), and inclusion of the
nitrogen in these tissues might bias estimates of main-



