
Summary We designed a simple, portable, battery-operated,

temperature-controlled cuvette to measure respiration of small

samples of plant tissue in the field. The cuvette is built around a

peltier cell and is controlled with a data logger. The cuvette

maintained sample temperature within 0.5 °C over a tempera-

ture range of 5 to 45 °C and operated for 6–8 h from a 12 V 105
ampere-hour “deep-cycle” battery. Based on measurements
with this cuvette, we found that, at 15 °C, CO2 efflux from dark

respiration of white pine (Pinus strobus L.) foliage was 40%

greater during the day than at night.
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Introduction

Respiration of living cells in foliage, woody tissue and roots

can consume more than 60% of the carbon fixed in photosyn-

thesis (Edwards et al. 1980), but information on respiration

rates, and especially ecosystem-level estimates of fluxes, is

sparse (Ryan et al. 1994). Because autotrophic respiration may

control productivity and affect ecosystem responses to global

change (Ryan 1991), studies on the physiology of autotrophic

respiration should provide data to determine flux rates, to sep-

arate respiration into functional components of construction

and maintenance, to determine response to environment, to

scale measurements from chamber to canopy, and to deter-

mine whether acclimation to environment occurs. For many of

these studies, temperature control of field measurements is

necessary.

Because respiration is very sensitive to temperature and

temperature often varies throughout a measuring period, mea-

surements taken at ambient temperature must be adjusted to a

common temperature to be comparable. Temperature control

eliminates the need for adjustment and makes direct compari-

sons possible, facilitating comparisons within a canopy or

across seasons. Additionally, temperature control can be used

to generate temperature response curves during a single mea-

suring period for use in modeling temperature response and in

process-oriented models of carbon balance in forests (e.g.,

Forest-BGC (Running and Coughlan 1988), Hybrid (Friend et

al. 1993) and Biomass (McMurtrie et al. 1990)). This method

is preferable to generating response curves based on seasonal

differences in temperature, where changes in phenology and

growth are confounded with differences in temperature.

Temperature-controlled cuvettes have been used for several

decades to examine gas exchange of plant tissue under con-

trolled conditions (Schulze 1972, Bingham and Coyne 1977,

Oechel and Lawrence 1979, Bingham et al. 1980, Kaul and

Reisener 1980, Field et al. 1982, Atkinson et al. 1986,

Küppers et al. 1987). However, these cuvettes are typically

part of mobile laboratories or large fumigation systems, are

large and difficult to build, and usually require line power for

operation (Koch et al. 1971, Schulze 1972, Legge et al. 1978,

Oechel and Lawrence 1979, Kaul and Reisener 1980,

Atkinson et al. 1986, Küppers et al. 1987, van Hove et al.

1988). These characteristics make them unsuitable for use in

remote locations. Although several lightweight cuvettes have

been designed that use batteries as a power source, their

componentry is inefficient and outdated compared with that

now available (Salo et al. 1972, Bingham and Coyne 1977,

Bingham et al. 1980).

In this paper, we describe in detail a simple, portable, bat-

tery-operated, temperature-controlled cuvette for use with

small samples of foliage, fine roots, small stems and soils, and

document its performance. The cuvette design was based on

an earlier design by R.O. Teskey (University of Georgia) used

to study foliage and fine root respiration by Cropper and

Gholz (1991). The original design required line power, had a

bulky commercial temperature controller, and used resistive

heaters rather than a peltier cell to heat the cuvette.

Temperature-controlled cuvette

The temperature-controlled cuvette was built around a 12-V

cold plate (TECA Inc., Chicago, IL) that incorporates a peltier

cell to alter the temperature of attached components (Appen-

dix 1). The temperature of the cuvette is controlled with a

datalogger (Campbell 21X, Campbell Scientific, Logan, UT)

and a series of solid-state and mechanical relays for switching

power on and off and changing the polarity of the current for

the peltier cell. (Source code for the datalogger control pro-
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gram is available from the senior author.) Power for the

cuvette is supplied by a 12 V, 105 ampere-hour “deep-cycle”

battery. The cuvette is capable of generating and maintaining

temperatures from 2 to 45 °C at ambient temperatures of −10
to +35 °C. The system can run for 6 to 8 h on a fully charged
battery.

Cuvette construction

The cuvette (Figure 1) is constructed of clear acrylic and is se-

cured onto the cold plate with a neoprene gasket that provides

an air-tight seal. A small heat sink attached to the cold plate

promotes rapid heat transfer between the air inside the cham-

ber and the peltier cell. A small 12-V fan mixes air within the

chamber. The chamber is insulated with closed-cell neoprene

foam. The top of the chamber is secured to the body with

spring-loaded clamps. Plant material is secured within the

chamber by placing it between the removable top and the body

of the chamber, both of which are fitted with closed-cell neo-

prene foam to provide an air-tight seal. There is an inlet and an

outlet port on either side of the chamber body to allow passage

of the cuvette air through an infrared gas analyzer (Field et al.

1991).

The chamber in Figure 1 is only one of many possible de-

signs that could be used with the cold plate system. However,

the smaller the chamber, the faster the rate of temperature ad-

justment and the shorter the response time for CO2 measure-

ment. We have used the cuvette to provide stable temperatures

for measuring autotrophic respiration of foliage and fine roots,

and to measure the response of respiration to temperature.

However, the cuvette could be adapted for photosynthesis

measurements by modifying the chamber to allow the full

spectrum of photosynthetically active radiation to be transmit-

ted. Because heating of the chamber will occur during

photosynthetic measurements, the control program may need

to be modified to account for the increased heat load; increas-

ing peltier cooling within the program is possible but would

decrease operating time between battery charges.

Temperature control

Temperature is monitored and controlled by a Campbell 21X

datalogger that is programed to maintain sample temperatures

within 0.5 °C of the set-point temperature. Tissue temperature

is monitored with a 36-gauge fine wire copper-constantan

thermocouple and controls a set of relays that turn the peltier

cell on and off in addition to switching the direction of the cur-

rent to the peltier cell.

The control circuit is shown in Figure 2. The datalogger

monitors sample temperature (Thermocouple 1) and compares

it to a user-selected set-point (Thermocouple 2 measures

chamber air temperature to monitor the temperature gradient

between foliage and chamber air). The datalogger control

ports (CP1 and CP2) can supply about 20 mA of current at 5 V

and switch solid-state Relays 1 and 3 (Figure 2, Appendix 1).

Relay 1 provides current for mechanical Relay 2 (Figure 2,

Appendix 1) which, in turn, switches the peltier cell current

(about 6 A at 12 V DC) on and off. Relay 3 drives Relay 4,

which switches polarity of the peltier cell current, thus heating

or cooling the chamber.

There are four subroutines in the program and each is used

to heat or cool depending on the difference between the

set-point temperature and the actual sample temperature.

“Fast” heating and cooling cycles are utilized when the differ-

ence between set-point and sample temperature is greater than

0.5 °C. “Slow” cycles are used when differences are less than

0.5 °C. As temperatures fall below or rise above set-point, the

appropriate heating or cooling subroutine is initiated.

Because the peltier cell is relatively delicate, polarity is

switched only after the peltier cell has been turned off. We also

monitored peltier temperature (Thermocouple 3) to prevent

overheating.

Testing and evaluation

To demonstrate the utility and performance of the tempera-

ture-controlled cuvette, we measured the response of CO2

efflux from dark respiration of blue spruce (Picea pungens

Engelm.) foliage on a detached branch (Figure 3). Before

measurement, the branch end was cut underwater and the

branch stored in the shade for 3 h. We measured CO2 efflux at

5, 15, 25, 35 and 45 °C with an open-system infrared gas ana-

lyzer (LCA3, ADC Ltd., Hoddesdon, Herts, U.K.) with refer-

ence air (359 ppm) supplied from a pressurized gas cylinder.

Temperature was altered every 40 min and the branch was

shaded at all times.

176 HUBBARD, RYAN AND LUKENS

Figure 1. Temperature-controlled cuvette with component parts.



Based on the data in Figure 3, we averaged the middle

30-min flux values at each temperature and modeled the re-

sponse of foliage respiration to temperature (T) by nonlinear

regression analysis:

�R e
T= β β

0
1 , (1)

where �R is the predicted respiration, and β0 and β1 are regres-

sion coefficients. Foliar Q10 was calculated as Q10 = e
( )10 1β

with

a value of 2.3 for both increasing (5–45 °C) and decreasing
(45–5 °C) temperature ranges.

Response time of the cuvette (time to reach new set-point)

was relatively fast. Typically a 10 °C change in set-point tem-

perature took approximately 6 min when temperatures were

within 10 °C of outside air temperature and less than 12 min

when temperatures differed by more than 10 °C from tempera-

tures outside the cuvette. Carbon dioxide flux tracked temper-

ature rapidly and approached a new equilibrium within

2–3 min (Figure 3).
The cuvette maintained temperatures within 0.5 °C of all

set-point temperatures; however, temperatures achieved by

the cuvette are slightly biased (Figure 4) at set-point tempera-

tures of 5 and 45 °C, reflecting the large gradient between set-

point temperatures and the temperatures outside the cuvette.

Application

To illustrate the utility of this cuvette, we compared CO2

efflux from the same foliage of three shoots of eastern white

pine (Pinus strobus L.) at 15 °C at midafternoon, midnight,

before dawn and again at midafternoon. Before measure-
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Figure 2. Circuit diagram for temperature-controlled cuvette. CR21X is Campbell datalogger, CP 1 and CP2 are datalogger control ports, Relays 1
and 3 are solid-state relays, Relays 2 and 4 are mechanical relays, S1 is an on/off switch, and F1 is an inline fuse. Pin numbers for the relays are
specific to the relays we used (see Appendix 1).

Figure 3. Temperature response of dark respiration in Picea pungens
foliage. Each temperature was maintained for 40 min.



ments, the shoots were covered with breathable cloth bags for

1 h and held in the shade. The foliage was then removed from

the bags under shade and placed in the darkened cuvette. Fo-

liage was not covered with bags before measurement at night.

Carbon dioxide efflux was measured with an open-system

infrared gas analyzer (LCA 3, ADC Inc., Hoddesdon, Herts,

U.K.) with an air flow of 137 mmol s–1. Reference air was

drawn through a 20-l ballast, and data were recorded after CO2

efflux and temperature were stable for 15 min. For the three

shoots, dark respiration rates at 15 °C were 40% higher when

measured during the day after 1 h of darkness than at night

(Figure 5).

We found similar differences between day and night dark

respiration rates measured at 15 °C for Florida slash pine

(Pinus elliottii var. elliottii Engelm.), Wisconsin red pine

(Pinus resinosa Ait.), Montana ponderosa pine (Pinus pon-

derosa Dougl. ex Laws.) and Oregon western hemlock (Tsuga

heterophylla (Raf.) Sarg.) (Ryan and Hubbard, unpublished

data). Together, these data suggest that measurements of foliar

dark respiration taken after 1 h of shade during the day may

significantly overestimate dark respiration at night.

We conclude that the temperature-controlled cuvette allows

a researcher to hold temperature effects constant when com-

paring respiration within a canopy or across seasons, and to

generate temperature response curves for respiration of fine

roots and foliage. We have found the cuvette a useful and ver-

satile instrument for collecting a wide variety of ecophysio-

logical data.
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Appendix 1. Parts list

Item and model number Quantity Company

Solid-state cold plate 1 TECA

AHP-150 Chicago, IL

Campbell datalogger 1 Campbell Scien-

tific

(21X type) Logan, UT

Solid-state relay D1D2 2 Crydom Corp.

(3.5–32 V switching up to
12 A, 100 V DC output)

Mechanical relay #2342 2 Phillips Corp.

DPDT, 10 A coil, 12 V DC Williams Port, PA

12 V Fan motor and blade 1 Maxon Motors

2522 846-11.112-000 Burlingame, CA

36-gauge Copper-constantan 7 m Omega Corp.

thermocouple with mini- Stamford, CT

connectors

16-gauge 4-conductor 3 m

Power cord
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