Introduction

The field of physiological ecology concerns, at both proximate and ultimate levels, the physiological demands, constraints, and consequences associated with the maintenance of homeostasis under variable environmental conditions.  For most animals, the principal physiological challenges of homeostasis include osmoregulation, excretion, thermoregulation, metabolic rate regulation, and the exchange and delivery of respiratory gases.  Because units of energy provide a convenient currency by which to measure efficiency, in recent years an enormous amount of research has focused on the ecological consequences of the demands and constraints related to various physiological processes (e.g., thermoregulation, foraging efficiency, metabolic rate, torpor, and hibernation) in terms of energetic efficiency.  In general, an animal may be assumed to be under selection to maximize the energetic efficiency with which various physiological processes are carried out.  Similarly, the efficiency of respiratory gas exchange can be readily inferred from rates of oxygen consumption and/or carbon dioxide production; this dissertation project was conceived to investigate the degree to which ecological options may be constrained by processes of respiratory physiology which are not directly related to an animal's energetic budget.

While the acquisition and delivery of an oxygen supply sufficient to meet metabolic demand is critical to all animals, for aquatic species the problem is especially acute because aqueous media contain far less oxygen per unit volume than does an aerial atmosphere.  In addition, the aquatic environment is often highly variable with respect to dissolved oxygen (DO) tension.  Although many aquatic species are known to be restricted to regions of high oxygen tension, others have evolved the ability to tolerate periods of hypoxia and even anoxia.  Therefore, decisions involving habitat selection in aquatic animals may be expected to involve "trade-offs" related to constraints associated with respiratory physiology and which may be related to environmental variability.

This comparative study of two species inhabiting dissimilar environments (i.e., Tropisternus columbianus and T. mixtus) investigates the degree to which the peculiar respiratory physiology of water scavenger beetles (Coleoptera: Hydrophilidae) constrains diving performance and provides an excellent model system in which to investigate biophysical constraints on habitat selection in an ecological context as well as on the range of evolutionary possibilities.

Respiration in aquatic insects
It is generally believed among biologists that life evolved in an aqueous environment; therefore, aquatic respiration represents the primitive state.  However, as stated above, the prevailing consensus among entomologists is that the insects in general, and beetles in particular, evolved from terrestrial ancestors.  Aquatic respiration among beetles therefore represents a derived condition and, by considering how the natural history of extant groups can be reconciled with postulated selection pressures acting on the putative ancestor, we may shed light on the evolution of aquatic respiratory mechanisms among contemporary species.

At this point it is important to stress that all insects, including aquatic species, exchange respiratory gases in the gas phase and the circulatory system is not involved in gas transport.  In this respect, the respiratory system of aquatic insects stands in sharp contrast to most other aquatic animals (e.g., vertebrates).  In order to understand the physiology of the exchange of respiratory gases in aquatic insects it is necessary to first briefly consider the nature of respiratory gas exchange in terrestrial species.  A general problem of respiratory physiology in an aerial environment involves the maintenance of a surface suitable for efficient exchange of respiratory gases.  Because the physiological conditions which favor gas exchange also favor desiccation from the respiratory surface itself, an inevitable risk of desiccation is concomitant with the maintenance of a suitable gas exchange surface.  Nevertheless, the insects are eminently well-suited to a terrestrial environment, and have solved the general problem of desiccation by the evolution of a water-impermeable cuticle; however, the cuticle is also impermeable to respiratory gases.  In turn, the insects have surmounted this latter problem by the evolution of a system of air-filled tubules, or tracheae which constitute the tracheal system, providing a direct pathway for the exchange of respiratory gases between the tissues and the ambient atmosphere in the gas phase.  The tracheae form as invaginations of the cuticle and open proximally to the ambient atmosphere by means of valved pores, or spiracles, which occur as paired lateral structures on (primitively) each thoracic and abdominal body segment.  The tracheae ramify distally into finer and finer tubules until the finest, the tracheoles, having a diameter of ca. 1-2 µm, infiltrate the tissues directly.  Indeed, in the thoracic segments of strong flying species (e.g., Odonata, Hymenoptera, Diptera), tracheoles are known to penetrate individual fibers of the extremely metabolically active fibrillar muscle.  Spiracular opening is controlled by both (reduced) oxygen and (elevated) carbon dioxide partial pressures within the tracheal system and results in discontinuous exchange of respiratory gases with the ambient atmosphere; discontinuous exchange of respiratory gases has the important consequence of significantly reducing the risk of desiccation.

Although there is a wide variation in the morphology of the tracheal system among aquatic insects, the fundamental physiology of respiratory gas exchange is relatively consistent between species.  Furthermore, these morphological variations represent in essence elaborations on the basic architecture and physiology of the tracheal system of terrestrial species.  Bearing in mind that the insect tracheal system evolved in response to selection pressures associated with gas exchange in terrestrial environments, aquatic respiratory adaptations function essentially in exploiting various physicochemical factors allowing the derivation of oxygen dissolved in ambient water into the gas phase for normal tracheal ventilation.  Thus, in the vast majority of aquatic insect species deriving oxygen from that dissolved in ambient water effect gas exchange between solution in the tissues, the gas phase within the tracheal system and respiratory organs, and solution in ambient water.  In species relying upon an airstore taken at the surface prior to a dive, gases are exchanged between solution in the tissues and the gas phase within the airstore and tracheal system.  As in terrestrial species, transport of respiratory gases is accomplished via ventilation and diffusion in the gas phase within the tracheal system directly to the tissues and the hemolymph is not involved.  It is noteworthy that these functional similarities of respiratory gas exchange between terrestrial and aquatic insects underscores (and provides important evidence for) the evolution of the insect tracheal system antedating colonization of, and adaptation to, aquatic environments by insects.

Plastron respiration in the suborder Polyphaga
Prior to the seminal work of Ege (1915) the function of the airstores taken by many aquatic insects (e.g., Hemiptera: Corixidae, Notonectidae) was unclear.  While it had been suggested these air stores functioned in extracting oxygen from ambient water, it had also been argued that they served primarily a hydrostatic function.  Although the respiratory function of the airstore was first postulated by Ege to be that of a 'physical gill' deriving oxygen dissolved in ambient water into the gas phase for normal tracheal ventilation, most investigators regarded the most probable explanation to be a combination of the two.

The respiratory plastron (fr. piastrone, a breastplate) of aquatic polyphagan beetles (e.g., family Elmidae) consists of a volume of air with a significant gas/water interface and maintained at constant volume by a dense pile of hydrofuge cuticular "hairs" covering some portion, usually the ventrum, of the body.  It has been estimated that the cuticular hair pile in this family to have the fantastic density of 108 cuticular hairs per cm2, and the space between adjacent hairs < 1.0 µm.  At this density, the cohesive forces among water molecules are of a magnitude so as to render the volume of the plastron non-wettable under hydrostatic pressure of > 2 atmospheres (corresponding to a depth of > 20 m).  The openings to the tracheal system (i.e., spiracles) open into the volume of the plastron and diffusive exchange of respiratory gases between the plastron and medium occurs across the substantial gas/water interface.

Given a plastron of constant volume, it cannot function simply as an air store.  Indeed, it has been shown in many species that the plastron/water interface can and does function as a "physical gill" in which oxygen dissolved in ambient water is derived into the gas phase within the volume of the respiratory complex and then into solution in the tissues by means of passive diffusion in accordance with existing gradients.  Conversely, carbon dioxide diffuses out of the tissues into the gas phase within the volume of the plastron and ultimately into solution in the medium also in accordance with existing gradients.  As the animal withdraws oxygen in the gas phase from the plastron to meet metabolic demand, the partial pressure of oxygen within the plastron falls to a level below the DO tension in ambient water.  Thus, an inward oxygen diffusion gradient is established and, providing (1) sufficient dissolved oxygen exists in the ambient medium, and (2) sufficient plastron/water interface surface area, the animal should theoretically be able to remain submerged indefinitely.

Respiratory physiology in the family Hydrophilidae

Hydrophilid beetles respire in aquatic habitats via a specialized gas-phase respiratory apparatus – the plastron and macroplastron complex.  In contrast to plastron respiration, so-called "bubble" respiration involves the taking, from the surface, of a compressible volume of air (i.e., the macroplastron, or "bubble") normally taken in addition to a plastron prior to submersion.  The function of this respiratory mechanism, as deduced from the laws of physical chemistry, is that the withdrawal of oxygen from the respiratory complex results in both (1) a decrease in oxygen pressure within the airstore to a level less than the DO tension in the surrounding water, and (2) an increase in nitrogen pressure within the airstore to a level greater than the dissolved nitrogen tension in the medium.  Theoretical models predict that, as in plastron respiration, the former results in the establishment of an inward oxygen gradient and the derivation of oxygen dissolved in the ambient water into the gas phase for normal tracheal ventilation.  The latter, however, results in the establishment of an outward nitrogen gradient, as a consequence of Dalton's Law of Partial Pressures.2  In those species in which the airstore indeed functions as a physical gill, the variable volume of the respiratory complex has two consequences which are critical to the duration of dives.  First, because the diffusive influx of oxygen from ambient water into the volume of the respiratory complex is not instantaneous, the removal of oxygen from the respiratory complex to meet metabolic demand results in a continual decrease in oxygen partial pressure within the complex; when it falls below a critical level the animal will be unable to effect the diffusion of oxygen to the tissues at a rate sufficient to meet metabolic demand.  Second, the efflux of nitrogen (constituting 79% of the volume originally taken at the surface) to ambient water resulting from the removal of gaseous oxygen from the complex, the so-called "Ege effect", ultimately depletes the volume of the complex.  Because the surface area of the air (i.e., respiratory complex)/water interface decreases concomitantly with reduction in volume due to nitrogen efflux, the rate of derivation of oxygen dissolved in the ambient medium into the gas phase within the respiratory complex decreases in proportion to interface surface area.  In a manner not dissimilar to the first case, when some critical surface area limit is met the animal will be unable to derive molar amounts of dissolved oxygen at a rate sufficient to meet metabolic demand.  Stated another way, it is as much for recharging the nitrogen store as renewing the oxygen store that these animals must surface periodically and both of these effects resulting from the variable volume of the respiratory complex ultimately limit the duration that the insect may remain submerged.

In addition, hydrostatic compression associated with diving can similarly increase the rate of nitrogen efflux and shorten the life of the respiratory complex.  Gas pressures are normally in equilibrium across the atmosphere/water interface at least with respect to water surface layers.  Therefore, tensions of dissolved gases in water may be assumed to be equal to their corresponding pressures in air taken at the surface to charge the respiratory complex.  Because the lack of a supporting "hair" pile associated with the macroplastron renders its volume compressible, when the insect dives hydrostatic compression increases the partial pressures of both oxygen and nitrogen in the bubble to levels higher than corresponding tensions in ambient water and results in the diffusive efflux of both gases from the bubble to the water at rates directly proportional to hydrostatic pressure, and therefore to depth.  Although at any given depth  pressures of both gases will reach equilibrium with their corresponding dissolved tensions and net diffusion will then be zero, both gases within the respiratory complex will be reduced prior to equilibration at depth.

Thus, both hydrostatic compression of the macroplastron and metabolic oxygen utilization results in nitrogen efflux at a rate proportional to (1) hydrostatic pressure (and depth), and (2) metabolic rate.  The resulting ephemeral nature of the respiratory complex therefore renders these insects dependent on access to an aerial atmosphere and implies that the animal is able to monitor changes in the volume of the respiratory complex.  The aquatic hemipteran Aphelocheirus possesses specialized pressure receptors in the form of elongated plastron "hairs" which enable the animal to detect changes in plastron volume due to increases in hydrostatic pressure and hydrophilid beetles possess a similar arrangement of cuticular hairs which may serve a similar function.

Water temperature is a critical factor for insects in which the airstore functions as a 'physical gill' since metabolic oxygen demand is directly proportional to temperature in aquatic poikilotherms and oxygen solubility is inversely proportional to temperature.  Thus, these insects confront antagonistic constraints resulting from elevated temperature.  The range of temperature imposing a constraint on these insects will therefore be a function of (1) metabolic rate, (2) dissolved oxygen tension, and (3) oxygen derivation potential of the respiratory complex (a function of respiratory volume).

Theoretical rates of dissolved oxygen derivation by compressible 'physical gills' have been calculated based on physical parameters such as diffusion rate (a function of temperature), oxygen gradient, water/air interface surface area, boundary layer thickness, invasion coefficients, differences in oxygen pressure within the volume of the plastron itself, shape of the plastron, shape of the meniscus and cuticular hairs, and so forth.  In particular, because the invasion coefficient of oxygen is 3.2 times that of nitrogen, oxygen influx is greater than nitrogen efflux and gill lifetime is thus extended.  Based on these calculations it has been estimated that the gill factor, given as the ratio of gill lifetime (T) given derivation of dissolved oxygen in ambient water to gill lifetime in the absence of oxygen diffusion from the water (Ts), associated with compressible gas gills is ca. 8.3 independent of metabolic rate, surface area, initial respiratory volume, and boundary layer thickness, but not independent of depth.  In other words, in theory a compressible "gas gill" is effective in deriving into the gas phase a molar amount of oxygen dissolved in ambient water approximately equal to 7.3 times that taken initially at the surface thereby extending the dive duration of an insect (at Tw = 20°C) to approximately 8.3 fold over that possible if the respiratory complex functioned only as an oxygen store.

While the compressible air stores of the aquatic bugs Notonecta glauca and Naucoris cimicoides have been shown to function as a physical gill, theoretical predictions have been tested empirically in only a single species in the family Hydrophilidae.  Interestingly, in Hydrophilus piceus the air store has only a limited function as a 'physical gill', instead serving (during summer) primarily as a simple oxygen store3.

Although airstore volume has been measured in Hydrophilus piceus, the method of determination involved extraction of the airstore when the beetle contacted a surface layer of kerosene.  Although the authors reported that beetles readily lost their exposed gas store, there was no means of controlling the extent to which the entire volume was thereby obtained.  Therefore, these measurements can only be regarded as a rough approximation of total respiratory volume, particularly lacking any reliable estimate of the degree to which the tracheal system itself was evacuated.  Furthermore, volume determination by this extraction method disallows normal ventilatory behavior by means of which the animal is able to control the initial volume of the airstore taken at the surface.  Given that (1) initial volume is a critical factor determining total oxygen derivation potential of a 'physical gill', and (2) modulation of total respiratory volume may be an important behavioral variable by which these insects are able to cope with stressful environmental variation, a precise in situ method (i.e., allowing normal ventilatory behavior) of respiratory volume determination is essential.

While increased initial respiratory volume will certainly increase maximum potential dive duration if the airstore functions simply as an airstore, the extent to which total oxygen derivation potential of a compressible gas gill will increase with increased volume has not been empirically determined.  However, the additional volume of the macroplastron is certainly problematic in energetic terms since buoyancy (and consequently, energy required to submerge) increases in direct proportion to volume.  Moreover, active swimming would further elevate metabolic oxygen demand.  Thus, the insect may make "trade-off" decisions with respect to these conflicting demands.

Ecological implications of respiratory physiology in the family Hydrophilidae

Although the theoretical biophysics of plastron respiration has been well understood and tested empirically in Hydrophilus piceus, ecological and evolutionary implications of this respiratory adaptation and consequent diving performance have not been examined in this family.

The principal goals of this project were to (1) determine the extent to which population distribution and activity in the field are functions of environmental variables, (2) characterize respiratory physiology and diving performance for given ambient regimens, and (3) determine the degree to which variation in respiratory physiology, diving performance, and ability to detect and locate preferred conditions is correlated to environmental variability.
During its lifetime an organism has a finite amount of resources available to meet the energetic demands of growth, maintenance, and reproduction.  Since "energetic resources" are derived exclusively from food in heterotrophs, foraging efficiency would be expected to be under strong selection.  Indeed from this perspective, although habitat selection decisions typically involve a host of biotic and abiotic factors they may in large represent a subset of foraging decisions.  However, since many activities (e.g., foraging, territorial defense, predator avoidance, courtship behavior, response to abiotic environmental factors) may be mutually preclusive, the organism must make decisions regarding the allocation of time and resources to each and time spent on any non-foraging activity may in fact constitute the functional equivalent of lost foraging time.  Thus, animals must make decisions based upon the costs and benefits of various activities in order to maximize overall energetic efficiency.  These "trade-offs" are known as the principle of allocation (of resources), and are useful in understanding the decisions made by animals under various, and normally changing, environmental conditions.  Based upon the underlying assumption of adaptive evolution by means of natural selection, it is also generally assumed a priori  that natural selection should act to optimize the collective resource allocation strategy which results in highest net benefit to lifetime fitness – a concept which formed the basis of reproductive value.

Respiratory physiology and diving performance may have important implications with regard to understanding foraging ecology and habitat selection in the family Hydrophilidae.  While the larvae of these beetles are sit-and-wait predators and cannibalistic, adults (so-called water scavenger beetles) feed primarily on plant and animal detritus and, to a lesser extent, are herbivorous on algae.  On the basis of net energy yield per unit time, optimal foraging theory predicts that animals should preferentially forage in high quality patches unless other factors impinge (e.g., predation risk; see risk-sensitive foraging) and we may assume that, as a result of gravitational deposition, detritus "patch" quality is generally highest on the bottom.  Although hydrophilids should therefore preferentially forage on the bottom they are obliged, by the ephemeral nature of the respiratory complex, to return to the water surface periodically.

Hydrophilids are not strong swimmers owing primarily to the positive buoyancy imparted by the respiratory complex;  thus, a significant expenditure of energy is required to submerge following each recharging episode at the surface.  In addition, time spent in transit represents a decrement in both foraging time and net energy yield.  Finally, traversing open water to and from the surface increases the animal's risk of predation (e.g., by predaceous diving beetles, family Dytiscidae; personal observation).  For these reasons a selective advantage should be gained by those individuals possessing (respiratory) adaptations which increase the maximum potential duration of dives; therefore, foraging ecology in these beetles may be constrained by diving performance and ultimately by limitations of respiratory physiology.

Comparative study of species inhabiting moderate vs extreme environments

Considered in ecological and evolutionary contexts, physiological and behavioral adaptations of organisms which confer the ability to survive in extreme environments may be assumed to be under particularly strong selection.  However, physiological and behavioral traits adaptive in one context are known to result in constraints in another.  Although their respiratory physiology allows hydrophilid beetles to exploit a niche (i.e., aquatic) otherwise unavailable to them, associated abiotic environmental factors may impose constraints in an ecological context within that habitat (e.g., spatial and/or temporal variation in dissolved oxygen tension and/or water temperature).  Therefore, the working hypothesis of this research is that diving performance (defined as depth and duration of dives) in these insects is a function of (1) respiratory physiology, (2) metabolic rate, (3) behavioral factors, and (4) abiotic factors of the ambient environment.

Hydrophilids are widely distributed in temperate and tropical latitudes ranging well within the Arctic Circle as well as occurring in various environments which may be considered to be stressful in the context of respiratory physiology.  The latter include high elevation (ca. 2200 m) thermal springs in Yellowstone National Park.  As noted above, elevated water temperature results in both increased metabolic oxygen demand and reduced dissolved oxygen tension; high elevation (and consequent low oxygen pressure) further reduces both dissolved gas tensions in ambient water and partial pressures in the air initially taken at the surface.  Thus, in such environmental extremes respiratory stresses may be exacerbated.  Results of comparative study of species occurring in these extreme environments with species occurring in relatively moderate and uniform environments may reveal physiological, behavioral, and/or anatomical variants of respiratory adaptations which are correlated with environmental variability.

The great utility of the comparative method derives from its ability to provide direct evidence regarding the fitness value of a putative adaptation by means of testable hypotheses.  The comparative method assumes the evolution of differential (genotypic) adaptation – the very essence of Darwinian evolution.  The comparative method is most powerful in this regard when conjoining (1) examples of convergent evolution, (2) phylogenetic analysis, and (3) considerations of optimal design.  Furthermore, the comparative method may be particularly useful when applied to behavioral and physiological (genotypic) adaptation, since it may be argued that in most cases alterations in these traits require less genic change to effect response to selection pressures than do other (e.g., anatomical) traits.  The comparative method is employed in this investigation within the context of optimal design and it is therefore essential to consider causation at both proximate (i.e., immediate biophysical) and ultimate (i.e., evolutionary) levels.  A descriptive approach to behavioral and physiological (phenotypic) responses corresponds to consideration of causation at the proximate level, while the raison d'être for applying the comparative method to physiological ecology is to address the evolution of genotypic adaptation.  However, it is important to stress that a comparative approach is not based upon the assumption that only a single optimum suite of adaptations exists for a given environmental regimen and associated interactions; there may be numerous fitness peaks on an "adaptive landscape".7
Respiratory physiology in the Odonata

Immatures of the order Odonoata (dragonflies and damselflies) are aquatic and respire by means of “tracheal gill” located within the rectum.  The rectum is ventilated with water by muscular contraction which provides both a supply of oxygen rich water and jet propulsion for escape from predation.  Oxygen dissolved in ambient water then diffuses passively across the thin cuticle of the tracheal gill and enters the gas phase within the tracheal system for gas phase distribution to metabolically active tissues.

It is well known that male dragonflies defend aquatic or riparian territories by means of vigorous aerial battles.  Thus, the habitat is very clearly subdivided among males both interspecifically and intraspecifically with the most desirable territories being those with favorable oviposition sites.

Research

This research is focused on two different groups of thermophilic aquatic insects- water scavenger beetles (order Coleoptera family Hydrophilidae) and two species of dragonfly (order Odonata family Libellulidae.

Two congeneric species of water scavenger beetles will be investigated in comparative fashion.  Tropisternus.  T. mixtus inhabits the moderate and uniform pond environment of New England while its congener, T. columbianus,6 inhabits the relatively extreme and perilously variable environment of thermal pools in Yellowstone National Park where it has been collected at temperatures of up to 40°C.  These species are therefore likely to be under different selection pressures, and thus provide an excellent opportunity to employ the comparative method to address questions regarding (1) the adaptive value of traits (e.g., plastron/macroplastron respiration) and determine if these congeners differentially reflect the relationship between environmental variability and behavioral and physiological adaptations, (2) the evolution of physiological and behavioral adaptation, and (3) biophysical constraints limiting the range of evolutionary possibilities.  Finally, because thermal pools of Yellowstone National Park present a thermal environment which is spatially extremely heterogeneous (including many pools in which water temperature exceed Tlethal), T. columbianus may be expected to be under strong selection to respond to water temperature and rapidly detect and disperse from potentially lethal pools.

The study will involve both field and laboratory experiments, with the latter being conducted at the Department of Biology, Adams State College.

Results will contribute data essential to the development of an accurate empirical model of diving performance for a given ambient regimen in these insects which may then be compared with predictions derived from theoretical models in the literature.  Differences between theoretically- and empirically-derived values may (1) elucidate the respiratory function of the airstore, and/or (2) suggest ecological factors which influence diving performance in situ and must be included in the model.

If indeed the airstore functions as a diffusion gill, beetles should preferentially select localized regions of elevated dissolved oxygen tension and thereby establish a diffusion gradient favorable to oxygen uptake from ambient water.  Similarly, distribution and/or activity patterns should be influenced by ambient water temperature because DO is inversely related to temperature.  Regardless of the respiratory function of the airstore, beetles should respond to temperature variation because metabolic oxygen demand increases linearly with temperature in aquatic poikilotherms.

Localized regions of elevated dissolved oxygen in lentic waters normally result from the photosynthetic production of oxygen by aquatic vegetation, which would provide the additional benefits of cover from predators and substrate to which to cling in order to counteract positive buoyancy.  The latter should represent a means by which a significant reduction in energetic costs may be achieved.  Thus, environmental variables may influence habitat selection decisions on a variety of levels in addition to maximization of dive duration.  Because these animals are bottom-feeders and foraging strategy represents a critical component of habitat selection, optimal habitat selection decisions in these animals will likely be complex and must ultimately reconcile possibly conflicting demands related (at least) to foraging and energetic efficiency, temperature and dissolved oxygen preferences, respiratory efficiency and diving performance, as well as the costs and benefits associated with competing behaviors (e.g., predator avoidance).

Finally, because of the disparity in environmental stress and variability they encounter in nature, these congeners provide an excellent model system in which to address fundamental questions related to biophysical constraints on "trade-off" decisions involving respiratory physiology, environmental variability, foraging, and habitat selection decisions.

With respect to the dragonfly project, preliminary data show clear delineation of habitat by two species of dragonfly belonging to the family Libelluilidae.  As favorable conditions for oviposition, and therefore selection by females, seems clearly to drive territoriality among males, this project will attempt to ascertain which environmental factors contribute to suitable conditions for niad development in each species.

The study will involve both field and laboratory experiments, with the latter being conducted at the Department of Biology, Adams State College.

2	Dalton's Law states that the partial pressures of (ideal) gases in a mixture will sum to the total pressure.  Thus, if a gas mixture is contained within a constant volume, a reduction in the pressure of a single gas will result in a concomitant reduction of the total pressure of the mixture.  However, if a gas mixture is contained within a vessel the volume of which is not maintained constant (e.g., a compressible "bubble"), a reduction in the pressure of one gas in the mixture will result in instantaneous reduction of the volume to that volume at which the total pressure remains constant.  Although the total pressure in this case remains constant, the partial pressures of the gases in the mixture changes.


3	These results were published under the obsolete name Hydrous piceous L.


7	An adaptive landscape is a conceptual tool suggested by Sewall Wright (1932) in which all possible allelic combinations are arranged along X and Y axes.  If increasing fitness value is then plotted on the Z axis, a three-dimensional "adaptive landscape", analogous to a topographic map, results.  So-called "adaptive peaks"  result from suites of alleles conferring high fitness.  Since many combinations of traits may confer high fitness in a given environment, there are numerous "adaptive peaks" on an "adaptive landscape".


6	T. columbianus was formerly known as T. californicus (Hubbard 1891).
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